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Washington, D.C. 20231 

SIR: 

This Preliminary Amendment is to put the above- 
identified application into better condition for allowance. 
Please consider the above-identified patent application in 
view of the amendments and remarks presented hereinafter. 

Claims 1-36 remain in the subject patent application. 
Claims 37-40 are canceled herein without prejudice. Claims 
1, 9-11, 15-17, 20-23, 25-30, 33, and 36 are amended. 



In the Specification: 

Please amend the specification as indicated in Exhibit 
A. Claims 37-40 are canceled without prejudice, and claims 
1-36 remain in the application. Claims 1, 9-11, 15-17, 20- 
23, 25-30, 33, and 3 6 are amended. 
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In accordance with 37 C.F.R. § 121(b), Exhibit A 
comprises replacement pages of the specification, including 
the claims, in marked-up or amended form, where additions 
are in bold and surrounded by square brackets and where 
deletions are struck through and surrounded by curved 
brackets . 

Also in accordance with 37 C.F.R. § 121(b), Exhibit B 
comprises replacement pages of the specification, including 
the claims, in clean form. 

In the Drawings: 

Please add the new drawings shown in Exhibit C. 



REMARKS 

Claims 1-36 remain in the subject patent application. 
Claims 37-40 are canceled herein without prejudice. 

Formalities 

By this amendment, claims 1, 9-11, 15-17, 20-23, 25-30, 
33, and 36 are amended. The amendments to the claims are 
supported by the amendments to the specification and new 
FIGs. 5-8. At least some of the amendments to the 
specification and at least a portion of new FIGs. 5-8 are 
new matter. The newly added matter is supported by a 
declaration, filed herewith, from the inventor who is also 
the inventor of the parent application of which this current 
application is a continuation-in-part. 
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Claims 1, 9-11, 15-17, 20-23, 25-30, 33, and 36 are 
amended for purposes of clarification, unrelated to 
patentability. Accordingly, Applicants believe that Festo 
Corp. v. Shoketsu Kinzoku Kogyo Kabushiki Co. , 234 F.3d 558, 
56 USPQ2d 1865 (Fed. Cir. Nov. 29, 2000) does not limit the 
scope of the claims. 



Applicant has made an earnest attempt to place this 
case in condition for allowance. In light of the amendments 
and remarks set forth above, Applicant respectfully request 
reconsideration and allowance of claims 1-36. 

Please charge the fees required for the filing of this 
amendment as specified in the New Application Transmittal 
concurrently filed herewith. 

If there are matters that can be discussed by 
telephone to further the prosecution of this application, 
applicants invite the Examiner to call the undersigned 
attorney at the Examiner's convenience. 



CONCLUSION 



Respectfully submitted, 



Stockstad 




BRYAN CAVE LLP 

Two North Central Avenue 

Suite 2200 

Phoenix, AZ 85004-4406 



George C . Chen 
Attorney for Applicants 
Reg. No. 3 9,93 5 
Tel. (602) 364-7000 



PX01 DOCS/3424 15.01 



- 3 - 




Docket No. 130349 



PATENT 



CERTIFICATE OF EXPRESS MAILING UNDER 37 C.F.R. 1.10. 



I hereby certify that this document (and any as referred to as 
being attached or enclosed) is being deposited with the United States 
Postal Service as "Express Mail Post Office to Addressee" service, 
mailing label No. EL452289028US on February 20, 2002 and addressed to Box 
Patent Application, Commissioner for Patents, Washington, D.C. 20231. 

I hereby declare that all statements made herein of my own 
knowledge are true and that all statements made on information and belief 
are believed to be true; and further that these statements were made with 
the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 
18 of the United States Code, and that such willful false statements may 
jeopardize the validity of the application or any patent issued thereon. 




Printed Name : ^y^Z. 
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EXHIBIT A 

Marked-Up Version of Replacement Pages of the Specification 

[see attached] 



PX01 DOCS/3424 15.01 



- 5 - 



5mp iiTt S q u? n'm' 



INTEGRATED CIRCUIT AND METHOD OF CONTROLLING OUTPUT IMPEDANCE 

Field of the Invention 

This invention relates to integrated circuits, in general, and to driver circuits and methods 
5 of controlling output impedance, in particular. 



Background of the Invention 
Many different types of driver circuits with on-chip termination have been developed to 
improve signal integrity in high-speed data communications. For example, on-chip termination 
10 provides improved signal integrity between transceivers over a transmission medium by 
matching the output impedance of the transceiver with the input impedance of the transmission 
medium. On-chip termination also provides lower system cost and lower component count. 

One example of a driver circuit with on-chip termination is briefly discussed in "A 2- 
Gbaud 0.7-V Swing Voltage-Mode Driver and On-Chip Terminator for High-Speed NRZ Data 
15 Transmission," IEEE Journal of Solid-State Circuits , Volume 35, Number 6, June 2000, by 
Gijung Ahn, et al. The driver circuit briefly discussed by Gijung Aim, et al., however, has the 
following problems. First, the termination is provided by a separate circuit from the driver 
circuit instead of being an integral part of the driver circuit itself. This separate circuit 
termination technique requires a large amount of space of a semiconductor chip. Second, the 
20 termination scheme described does not behave linearly near the supply rails, which is important 
for rail-to-rail output driver circuits. 

Another example of a driver circuit with on-chip termination is described in United States 
Patent number 5,898,312, issued on April 27, 1999 and invented by Alper Ilkbahar, et al. One of 
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the many disadvantages of this type of driver circuit is its digital on-chip termination technique. 
For example, the digital termination technique uses discrete steps, which generates high 
frequency components and produces problems with Electro-Magnetic Interference (EMI). 
Furthermore, a large amount of space on a semiconductor chip is required to implement the 
5 digital termination technique. 

Accordingly, a need exists for an improved integrated circuit and a improved method of 
controlling output impedance. It is desired for the integrated circuit to minimize problems 
associated with EMI and also with large semiconductor chip space. It is also desired for the 
integrated circuit to behave linearly near the supply rails. 

10 

Summary of the Invention 
In accordance with the principles of the invention, an integrated circuit comprises a 
voltage-mode driver circuit having an integral, analog on-chip termination. 

Further, in accordance with the principles of the invention, an integrated circuit comprises 
15 a first three-terminal device of a first type and a second three-terminal device of the first type. A 
first terminal of the second three-terminal device is electrically coupled to a first terminal of the 
first three-terminal device, and a second terminal of the second three-terminal device is 
electrically coupled to a second terminal of the first three-terminal device. A reference current 
applied to a third terminal of the second three-terminal device generates a control voltage applied 
20 to the second terminals of the first and second three-terminal devices. The control voltage is a 
function of comparing an output voltage at the third terminal of the second three-terminal device 
to a reference voltage. The reference current is derived from the reference voltage and a 
reference resistance. 
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Still further, in accordance with the principles of the invention, a driver circuit comprises 
(1) a first MOSFET having a first gate electrode, a first drain electrode, and a first source 
electrode, (2) a first resistor coupled to the first drain electrode, (3) an output of the driver circuit 
coupled to the first resistor, (4) a second MOSFET having a second gate electrode, a second drain 
5 electrode, and a second source electrode, the first and second gate electrodes coupled together 
and the first and second source electrodes coupled together, (5) a second resistor coupled to the 
second drain electrode, (6) a third MOSFET having a third gate electrode, a third drain electrode, 
and a third source electrode, the third source electrode coupled to the second resistor, (7) an 
amplifier having a first amplifier input, a second amplifier input, and an amplifier output, the first 
10 amplifier input coupled to the second resistor and the third source electrode, the second amplifier 
input coupled to a reference voltage, and the amplifier output coupled to the third gate electrode, 
and (8) a current source coupled to the third drain electrode, the first gate electrode, and the 
second gate electrode. 

Also in accordance with the principles of the invention, a method of controlling output 
15 impedance of a driver circuit comprises generating a reference current as a function of a 
reference voltage and a reference resistance, using a first sub-circuit to generate the output 
impedance of the driver circuit, using a second sub-circuit in a feedback loop to generate a 
control current, and using the control current to control the output impedance. 

Additionally, in accordance with the principles of the invention, a method of controlling 
20 output impedance of a driver circuit comprises generating a reference voltage as a function of a 
reference current and a reference resistance, using a first sub-circuit to generate the output 
impedance of the driver circuit, using a second sub-circuit in a feedback loop to generate a 
control voltage, and using the control voltage to control the output impedance. 
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Brief Description of the Figures 
The invention will be better understood from a reading of the following detailed 
description, taken in conjunction with the accompanying figures in which: 
5 FIG. 1 illustrates a schematic diagram of an integrated circuit in accordance with an 

embodiment of the invention; 

FIG. 2 illustrates a schematic diagram of a larger integrated circuit in accordance with an 
embodiment of the invention; 

FIG. 3 illustrates a schematic diagram of a different integrated circuit in accordance with 
10 an embodiment of the invention;-^an4 
f 

FIG. 4 illustrates a flow chart of a method of controlling output impedance of an 
integrated circuit in accordance with an embodiment of the invention [; 

FIG. 5 illustrates a schematic diagram of another integrated circuit in accordance 
15 with an embodiment of the invention; 

FIG. 6 illustrates a schematic diagram of another larger integrated circuit in 
accordance with an embodiment of the invention; 

FIG. 7 illustrates a schematic diagram of yet another integrated circuit in 
accordance with an embodiment of the invention; and 
20 FIG. 8 illustrates a subcircuit that can be used with and/or can be a portion of the 

integrated circuits of FIGs. 5, 6, and 7.] 

For simplicity and clarity of illustration, the drawing figures illustrate the general manner 
of construction, and descriptions and details of well-known features and techniques are omitted 
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to avoid unnecessarily obscuring the invention. Additionally, elements in the drawing figures are 
not necessarily drawn to scale, and the same reference numerals in different figures denote the 
same elements. 

Furthermore, the terms first, second, third, fourth, fifth, and the like in the description and 
5 in the claims, if any, are used for distinguishing between similar elements and not necessarily for 
describing a sequential or chronological order. It is further understood that the terms so used are 
interchangeable under appropriate circumstances and that the embodiments of the invention 
described herein are capable of operation in other sequences than described or illustrated herein. 

10 Detailed Description of the Figures 

FIG. 1 illustrates a circuit diagram of an integrated circuit 100. As an example, circuit 
100 can represent an integrated circuit comprising a driver circuit with on-chip termination. In 
the preferred embodiment, circuit 100 represents an integrated circuit having a voltage-mode 
driver circuit with an analog on-chip termination or analog self-termination. Preferably, the 

15 termination is an integral part of the driver circuit and is not a different circuit separate from the 
driver circuit. Also in the preferred embodiment, the output impedance of the driver circuit is 
well-controlled to be substantially linear [or constant] throughout an operating range of an 
output voltage of the driver circuit [and particularly during voltage transitions of the output 
voltage of the driver circuit]. Further in the preferred embodiment, the driver circuit controls 

20 the slew rate of its output voltage. In the preferred embodiment, circuit 100 is compatible with 
the Universal Serial Bus 2 (USB2) operating specifications. 

As illustrated in FIG. 1, circuit 100 includes a three-terminal device 101 of a first type. 
As an example, the first type of three- terminal device, such as device 101, can be a Field-Effect 
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Transistor (FET) or a bipolar transistor. The FET can be a Metal-Oxide-Semiconductor FET 
(MOSFET), a Junction FET (JFET), or a MEtal-Semiconductor FET (MESFET). The three 
terminals of a FET are a gate electrode, a drain electrode, and a source electrode. The three 
terminals of a bipolar transistor are a base electrode, a collector electrode, and an emitter 
5 electrode. A control electrode for a FET is the gate electrode, and a control electrode for a 
bipolar transistor is the base electrode. In the preferred embodiment, the first type of three- 
terminal device is a p-channel MOSFET. Accordingly, in the preferred embodiment, device 101 
is a p-channel MOSFET having gate electrode, a drain electrode, and a source electrode where 
the gate electrode is the control electrode for device 101. 

10 The term "three-terminal device" is defined as a device having at least three terminals. 

Therefore, the three-terminal device can also have four terminals. For example, the three- 
terminal device can be a FET with an additional bulk or backgate electrode that is coupled to a 
voltage potential. In the preferred embodiment, the bulk electrode, when used, is coupled to a 
ground potential, to the source electrode for an n-channel MOSFET, or to the source electrode or 

15 the positive supply rail for a p-channel MOSFET. 

Circuit 100 also comprises a three-terminal device 107 of the first type. In the preferred 
embodiment, device 107 is a p-channel MOSFET. A first terminal, or the source electrode, of 
device 107 is electrically coupled to a first terminal, or the source electrode, of device 101. A 
second terminal, or the gate electrode, of device 107 is electrically coupled to a second terminal, 

20 or the gate electrode, of device 101. The term "coupled" is defined as directly or indirectly 
connected in an electrical manner. 

In operation, a reference current is applied to a third terminal, or the drain electrode, of 
device 107 to generate a control voltage that is applied to the second electrodes of devices 101 
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and 107. The control voltage is a function of comparing an output voltage at the third terminal of 
device 107 to a reference voltage derived from the reference current and a reference resistance. 
In the preferred embodiment, the reference resistance is provided by a highly accurate resistor 
that has less than approximately 0.1 percent error. Also in the preferred embodiment, this highly 
5 accurate resistor is provided by a discrete off-chip resistor. In other embodiments, the reference 
resistance can be provided by a less accurate resistor and/or an on-chip resistor. 

Returning to the preferred embodiment of circuit 100 illustrated in FIG. 1, circuit 100 
also comprises a resistor 12 L Resistor 121 is coupled to a third terminal, or the drain electrode, 
of device 101. An output 151 of circuit 100 is coupled to resistor 121. An output voltage (V 0 ) of 

10 circuit 100 can be measured at output 151. 

Circuit 100 additionally comprises a resistor 127. Resistor 127 is coupled to the third 
terminal, or the drain electrode, of device 107 at a circuit node 104. In the preferred 
embodiment, the aforementioned reference current is applied to the third terminal of device 107 
through resistor 127. Also in the preferred embodiment, the aforementioned output voltage at the 

15 third terminal of device 107 is measured from resistor 127 at a circuit node 103, which is coupled 
to an opposite end of resistor 127 from node 104. Node 103 is considered to be "at" the third 
terminal of device 107 in the preferred embodiment of circuit 100. 

In an alternative embodiment, node 104 is considered to be "at" the third terminal of 
device 107. In this alternative embodiment, circuit 100 does not include resistor 121 or 127. 

20 Accordingly, in this alternative embodiment, the output impedance of circuit 100 measured at 
output 151 is not as linear [or constant] as the output impedance of circuit 100 in the preferred 
embodiment. 
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Circuit 100 further comprises a three-terminal device 108 of the first type. In the 
preferred embodiment, device 108 is a p-channel MOSFET. Device 108 is coupled to resistor 
127. In particular, a first terminal, or the source electrode, of device 108 is coupled to resistor 
127 at node 103. 

5 Circuit 100 also comprises an amplifier 131. Amplifier 131 has an output and also has 

two inputs, namely a negative input and a positive input. The output and the negative input of 
amplifier 131 are coupled in a negative feedback loop to device 108. In particular, the output of 
amplifier 131 is coupled to a second terminal, or the gate electrode, of device 108, and the 
negative input of amplifier 131 is coupled to the first terminal of device 108 at node 103. The 

10 second terminal of device 108 has a input high impedance. The negative input of amplifier 131 
is also coupled to resistor 127 at node 103. The positive input of amplifier of 131 is coupled to a 
high reference voltage (V re mi) 152. 

In the preferred embodiment, amplifier 131 is an Operational Transconductance 
Amplifier (OTA). The OTA provides voltage gain for the aforementioned negative feedback 

15 loop. In the preferred embodiment, amplifier 131 does not require a buffer stage because 
amplifier 131 drives the high impedance second terminal of device 108. If the second terminal of 
device 108 requires additional drive capability, an operational amplifier that includes a gain stage 
and a buffer stage may be used for amplifier 131. 

Circuit 100 further comprises a current source 132, which generates a reference current 

20 (I rc f). Current source 132 is coupled to device 108. In particular, current source 132 is coupled to 
a third terminal, or the drain electrode, of device 108 at node 102. The third terminal of device 
108 and current source 132 are coupled to the second terminals of devices 101 and 107 at node 
102, which is a high impedance node of circuit 100. 
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Circuit 100 can still further comprise a capacitor 133. Capacitor 133 couples resistor 121 
and output 151 to the second terminals of devices 101 and 107, to the third terminal of device 
108, and to current source 132. Capacitor 133 provides slew rate control of the output voltage 
(Vo) at output 151. The output voltage at output 151 can have a maximum rate of change 
5 determined by capacitor 133 and current source 132. 

Circuit 100 can additionally comprise two power supplies. In the embodiment illustrated 
in FIG. 1, however, circuit 100 only has a single power supply (V dd ). As an example, the single 
power supply can have a voltage of approximately 3.3 volts. The single power supply (Vdd) is 
coupled to the first terminals of devices 101 and 107. A ground potential is coupled to current 
10 source 132. 

As indicated earlier, it is desired for an output impedance measured at output 151 of 
circuit 100 to be substantially linear [or constant] within the operating range of the output 
voltage (V 0 ) at output 151 of circuit 100. Accordingly, the output impedance of circuit 100 
preferably does not consist solely of the output impedance of a transistor because of the inherent 

15 non-linearity of the output impedance of a transistor. The impedance of a passive resistor is 
inherently linear, but the output impedance of circuit 100 preferably does not consist solely of the 
impedance of a passive resistor because a passive resistor cannot compensate for variations in 
operating temperature or for voltage coefficient problems. For example, if resistor 121 is a 
diffused on-chip resistor, the voltage applied to resistor 121 can substantially change its 

20 resistance value due to depletion effects in the resistor as the applied voltage increases. 

In the preferred embodiment, the output impedance measured at output 151 of circuit 100 
is preferably comprised of the impedance of a resistor, namely resistor 121, and the output 
impedance of a transistor, namely device 101. Device 101 adjusts its output impedance to 

PX01 DOCS/340589.02 - 9 - 



vli?.::-^*" : JZ~™: : x h S3 ^ -Tv, * ™ 

wiTiu n«tP imp n«it> ».ti« *imp Hi«« ,hHh m n> ,r vn„ hum n.« v *\™v a«- M 

compensate for the applied voltage-induced depletion effects within resistor 121 such that the 
total effective output impedance measured or seen at output 151 remains the same. Similarly, as 
the impedance of resistor 121 changes with temperature, device 101 adjusts its impedance to 
compensate for the temperature effects within resistor 121 such that the total effective output 
5 impedance seen at output 151 remains the same. 

Also in the preferred embodiment, the impedance of resistor 121 is greater than the 
output impedance of device 101 to keep the output impedance at output 151 of circuit 100 
substantially linear [or constant] across the operating range of the output voltage (V D ) at output 
151. For example, if the output impedance measured at output 151 is desired to be 
10 approximately forty-five ohms, then the impedance of resistor 121 and the output impedance of 
device 101 can be approximately thirty-five ohms and ten ohms, respectively. The output 
impedance of device 101 is preferably not greater than the impedance of resistor 121 because, as 
indicated earlier, the output impedance of a transistor is not as linear [or constant] as the 
impedance of a resistor. 

15 It is also desired for circuit 100 to consume as little power as possible to extend battery 

life when circuit 100 is part of a portable electronic component. Accordingly, the magnitude of 
the reference current (I re f) generated by current source 132 is preferably kept to a minimum. In 
the preferred embodiment, the reference current (I re f) is approximately eight hundred 
microAmperes. To minimize the magnitude of the reference current, certain circuit elements 

20 within circuit 100 are scaled relative to other circuit elements within circuit 100. 

For example, device 101 and resistor 121 form a first sub-circuit within circuit 100, and 
device 107 and resistor 127 form a second sub-circuit within circuit 100. The first sub-circuit is 
a scaled version or replica of the second sub-circuit, or vice- versa. In particular, device 101 and 
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resistor 121 are scaled to have lower impedances than device 107 and resistor 127, respectively, 
to reduce the magnitude of the reference current (I re f) required to be generated by current source 
132. 

More specifically, device 101 can be scaled to have an output impedance that is 
5 approximately twenty times smaller than the output impedance of device 107. As an example 
device 101 can be scaled to be approximately twenty times larger than device 107. Accordingly, 
device 101 can have an impedance of approximately ten ohms, and device 107 can have an 
impedance of approximately two hundred ohms. 

Also, resistor 121 can be scaled to have an impedance that is approximately twenty times 
10 smaller than the impedance of resistor 127. As an example, resistor 121 can be comprised of 
twenty resistors connected together in parallel, where each of the twenty resistors are similar to 
resistor 127. Accordingly, resistor 121 can have an impedance of approximately thirty-five 
ohms, and resistor 127 can have an impedance of approximately seven hundred ohms. 

One skilled in the art will understand that the impedance ratios between resistors 127 and 
15 121 and between devices 107 and 101 can have values other than twenty. In an alternative 
embodiment, the impedances of device 107 and resistor 127 can even be smaller than that of 
device 101 and resistor 121, respectively, but then current source 132 needs to generate a larger 
reference current. 

The operation of circuit 100 is as follows. First, circuit 100 uses current source 132 to 
20 generate the reference current (I re f). The reference current is preferably derived from the ratio of 
high reference voltage (V rc mi) 152 and the aforementioned highly accurate, discrete, off-chip 
resistor. High reference voltage (V re fhi) 152 is calculated by subtracting a master reference 
voltage from the power supply (Vdd). This derivation of the reference current (I re f) ensures that 
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the reference current will track the changes in the high reference voltage caused by variations in 
the manufacturing process, supply voltage, and/or circuit operating temperature. As an example, 
the power supply (V d(1 ), the master reference voltage, high reference voltage (V rcfh i) 152, and the 
off-chip resistor can be approximately 3.3 volts, 0.72 volts, 2.58 volts, and nine hundred ohms, 
5 respectively, to create an eight hundred microAmpere current for the reference current (I rC f). 

When the reference current (I rc f) is initially generated by current source 132 and is first 
applied to the third terminal of device 108, device 108 does not output any current at the third 
terminal, or drain electrode, of device 108. Therefore, the voltage at the third terminal of device 
108, or a node 102, will decrease. The decrease in voltage at node 102 decreases the control 
10 voltage at the second terminals, or gate electrodes, of devices 101 and 107 and turns on devices 
101 and 107. Now, devices 101 and 107 begin to conduct current. A current from device 101 
travels from the third terminal, or drain electrode, of device 101 through resistor 121 to output 

151 of circuit 100. Simultaneously, a current from device 107 travels from the third terminal, or 
drain electrode, of device 107 through resistor 127 to the first terminal, or source electrode, of 

15 device 108. Device 108 conducts the current from the first terminal of device 108 to the third 
terminal of device 108 and back to current source 132. 

As explained earlier, device 108 is coupled in a negative feedback loop with amplifier 
131. Amplifier 131 drives the negative feedback loop until the voltage at the first terminal of 
device 108, or at node 103, approximately equals high reference voltage (V rc fhi) 152, which 

20 stabilizes the negative feedback loop. The voltage at node 103 will equal high reference voltage 

152 when the current conducted through device 108 is approximately equal to the reference 
current (I re f) from current source 132. When the negative feedback loop stabilizes, the voltage at 
node 102 will also stabilize at an appropriate value to cause the current through device 108 to be 
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substantially equal to the reference current (I ref ) from current source 132. Furthermore, when the 
negative feedback loop stabilizes, the impedance measured at node 103 is approximately equal to 
the impedance of the highly accurate, discrete, off-chip resistor. 

As also explained earlier, device 101 and resistor 121 are scaled replicas of device 107 
5 and resistor 127, respectively. Similarly, output 151 is the scaled replica of node 103. In the 
preferred embodiment where the impedances of device 107 and resistor 127 are approximately 
twenty times larger than the impedances of device 101 and resistor 121, respectively, the 
impedance measured at node 103 is approximately twenty times larger than the impedance 
measured at output 151. Accordingly, when the negative feedback loop stabilizes, the impedance 

10 measured at output 151 is approximately forty- five ohms, and the impedance measured at node 
103 is approximately nine hundred ohms. Thus, the sub-circuit comprised of device 107 and 
resistor 127 is used with the negative feedback loop to generate a control voltage that is used to 
control the output impedance of circuit 100. 

FIG. 2 illustrates a circuit diagram of an integrated circuit 200. Circuit 100 of FIG. 1 is a 

15 portion of circuit 200 in FIG. 2. Accordingly, devices 101, 107, and 108, resistors 121 and 127, 
amplifier 131, current source 132, capacitor 133, and output 151 in circuit 100 of FIG. 1 are also 
portions of circuit 200 in FIG. 2. 

Circuit 200 can additionally comprise an optional three-terminal device 203 of the first 
type. In the preferred embodiment, device 203 is a p-channel MOSFET that is the same size as 

20 device 101. A first terminal, or source electrode, of device 203 is electrically coupled to the first 
terminals of devices 101 and 107 and to the power supply (V dd ). A second terminal, or gate 
electrode, of device 203 is removably and electrically coupled to the second terminals of devices 
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101 and 107 and to the first terminals of devices 101, 107, and 203. A third terminal, or drain 
electrode, of device 203 is coupled to the third terminal of device 101 and also to resistor 121. 

When circuit 200 includes device 203, circuit 200 also includes switches 283 and 284. 
Switch 283 removably couples the second terminal of device 203 to the first terminals of devices 
101, 107, and 203 and to the power supply (V dd ). Switch 284 removably couples the second 
terminal of device 203 to the second terminals of devices 101 and 107, to capacitor 133, to the 
third terminal of device 108, and to current source 132. As explained in more detail hereinafter, 
switches 283 and 284 are preferably opened and closed simultaneously with each other. 

Circuit 200 can further comprise an optional three-terminal device 205 of the first type. 
In the preferred embodiment, device 205 is a p-channel MOSFET that is the same size as device 
101. A first terminal, or source electrode, of device 205 is electrically coupled to the first 
terminals of devices 101, 107, and 203 and to the power supply (V dd ). A second terminal, or gate 
electrode, of device 205 is removably and electrically coupled to the second terminals of devices 
101 and 107 and to the first terminals of devices 101, 107, 203, and 205. A third terminal, or 
drain electrode, of device 205 is coupled to the third terminals of device 101 and 203 and also to 
resistor 121. 

When circuit 200 includes device 205, circuit 200 also includes switches 263 and 264. 
Switch 263 removably couples the second terminal of device 205 to the first terminals of devices 
101, 107, 203, and 205 and to the power supply (V dd ). Switch 264 removably couples the second 
terminal of device 205 to the second terminals of devices 101 and 107, to capacitor 133, to the 
third terminal of device 108, and to current source 132. As explained in more detail hereinafter, 
switches 263 and 264 are preferably opened and closed simultaneously with each other. 



PX01DOCS/340589.02 



- 14- 



mlfdi »w? luff W mil™ »t» t r Bm« W hJf VLwU *Ul» HHw 

Circuit 200 additionally comprises a switch 241. Switch 241 couples the second 
terminals of devices 101 and 107, the third terminal of device 108, current source 132, and 
capacitor 133 to the power supply (V d( i) and to the first terminals of devices 101, 107, 203, and 
205. As explained in more detail hereinafter, switch 241 turns a portion of circuit 200 on and 
5 off. 

Circuit 200 also comprises an optional three-terminal device 211 of the first type. In the 
preferred embodiment, device 211 is a p-channel MOSFET that is the same size as device 107. 
Also in the preferred embodiment, circuit 200 includes device 211 when circuit 200 includes 
device 203. A first terminal, or source electrode, of device 21 1 is electrically coupled to the first 

10 terminals of devices 101, 107, 203, and 205 and to the power supply (V dd ). A second terminal, 
or gate electrode, of device 211 is removably coupled to current source 132, to capacitor 133, to 
the third terminal of device 108, to the first terminals of devices 101, 107, 203, 205, and 211, to 
the second terminals of devices 101 and 107, and to the power supply (V dd ). A third terminal, or 
drain electrode, of device 211 is electrically coupled to the third terminal of device 107 and also 

15 to resistor 127. 

When circuit 200 includes device 211, circuit 200 also includes switches 281 and 282. 
Switch 281 electrically and removably couples the second terminal of device 211 to the first 
terminals of devices 101, 107, 203, 205, and 211 and to the power supply (V dd ). Switch 282 
removably and electrically couples the second terminal of device 211 to current source 132, 
20 capacitor 133, the third terminal of device 108, and the second terminals of devices 101 and 107. 
As explained in more detail hereinafter, switches 281 and 282 are preferably opened and closed 
simultaneously with each other and with switches 283 and 284. 
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Circuit 200 can also comprise an optional three-terminal device 212 of the first type. In 
the preferred embodiment, device 212 is a p-channel MOSFET that is the same size as device 
107. Also in the preferred embodiment, circuit 200 includes device 212 when circuit 200 
includes device 205. A first terminal, or source electrode, of device 212 is electrically coupled to 
5 the first terminals of devices 101, 107, 203, 205, and 211 and to the power supply (V dd ). A 
second terminal, or gate electrode, of device 212 is removably coupled to current source 132, to 
capacitor 133, to the third terminal of device 108, to the first terminals of devices 101, 107, 203, 
205, 211, and 212, to the second terminals of devices 101 and 107, and to the power supply 
(V d d). A third terminal, or drain electrode, of device 212 is electrically coupled to the third 

10 terminal of devices 107 and 21 1 and also to resistor 127. 

When circuit 200 includes device 212, circuit 200 also includes switches 261 and 262. 
Switch 261 electrically and removably couples the second terminal of device 212 to the first 
terminals of devices 101, 107, 203, 205, 21 1, and 212 and to the power supply (V dd ). Switch 262 
removably and electrically couples the second terminal of device 212 to current source 132, 

15 capacitor 133, the third terminal of device 108, and the second terminals of devices 101 and 107. 
As explained in more detail hereinafter, switches 261 and 262 are preferably opened and closed 
simultaneously with each other and with switches 263 and 264. 

Devices 101, 107, 108, 203, 205, 211, and 212, switches 241, 261, 262, 263, 264, 281, 
282, 283, and 284, resistor 127, amplifier 131, and capacitor 133 form a first portion or p-side of 

20 circuit 200. Circuit 200 further comprises a second portion or n-side, which is a "mirror image" 
of the first portion or p-side. As an example, this second portion or n-side of circuit 200 
comprises, among other things, three-terminal devices 202, 204, 206, 209, 210, 213, and 214 of a 
second type. As an example, the second type of three-terminal device, such as each of devices 
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202, 204, 206, 209, 210, 213, and 214, can be a FET or a bipolar transistor. The FET can be a 
MOSFET, a JFET, or a MESFET. In the preferred embodiment, the second type of three- 
terminal device, such as each of devices 202, 204, 206, 209, 210, 213, and 214, is an n-channel 
MOSFET. Devices 202, 204, 206, 209, 210, 213, and 214 are the "mirrored devices" or 
5 counterparts to devices 101, 203, 205, 108, 107, 211, and 212, respectively. 

The second portion, or n-side, of circuit 200 further comprises switches 242, 271, 272, 
273, 274, 291, 292, 293, and 294, which are the counterparts to switches 241, 261, 262, 263, 264, 
281, 282, 283, and 284, respectively. The second portion of circuit 200 additionally comprises a 
resistor 228, a capacitor 234, an amplifier 235, and a switch 242, which are the counterparts to 

10 resistor 127, capacitor 133, amplifier 131, and switch 241, respectively, in the first portion of 
circuit 200. Amplifier 235 has an output and two inputs, namely a negative input and a positive 
input. The output and the negative input of amplifier 235 are coupled in a negative feedback 
loop with device 209. The positive input of amplifier 235 is coupled to a low reference voltage 
(V rc n 0 ) 253. Low reference voltage (V rc n 0 ) 253 can be calculated by subtracting a second power 

15 supply (V ss ) from the master reference voltage. 

In the embodiment illustrated in FIG. 2, the second power supply (V ss ) is coupled to the 
first terminals of devices 202, 204, 206, 210, 213, and 214 and is also coupled to switches 242, 
272, 274, 292, and 294. The first power supply (V d d) is coupled to the first terminals of devices 
101, 107, 203, 205, 211, and 212 and is also coupled to switches 241, 261, 263, 281, and 283. 

20 As an example, the first power supply (V d d) can have a voltage of approximately 3.3 volts, and 
the second power supply (V ss ) can have a voltage of approximately 0 volts. 

Circuit 100 in FIG. 1 represents the main portion of the first portion or p-side of circuit 
200 in FIG. 2. The operation of the main portion of the first portion of circuit 200 has already 
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been discussed with reference to FIG. 1. One skilled in the art will understand that the circuit 
elements of the second portion or n-side of circuit 200 in FIG. 2, which correspond to the circuit 
elements in the main portion of the first portion or p-side of circuit 200 in FIG. 2, operate in a 
similar manner. 

5 The main portion of the first portion of circuit 200 in FIG. 2 acts as a bias circuit. To 

convert the bias circuit into a driver, output devices such as devices 101, 203, and 205 in the bias 
circuit need to be turned on and off The addition of switch 241 converts the bias circuit into a 
driver circuit by enabling the output devices in the bias circuit to be turned on and off When 
switch 241 is open, the output devices may conduct current, and when switch 241 is closed, the 

10 output devices are turned off and do not conduct current. 

Switch 242 in the second portion or n-side of circuit 200 serves a similar function for the 
main portion of the second portion or n-side of circuit 200. When switch 242 is open, the output 
devices, such as devices 202, 204, and 206, in the second portion of circuit 200 may conduct 
current, and when switch 242 is closed, devices 202, 204, and 206 in the second portion of circuit 

15 200 are off and do not conduct current. Switches 241 and 242 can be closed at the same time to 
provide a high impedance output for circuit 200. Switches 241 and 242 are preferably not open 
at the same time. 

Capacitors 133 and 234 control the slew rate of the output voltage (V Q ) at output 151 of 
circuit 200. Capacitor 133 couples output 151 and resistor 121 to the high impedance node, or 
20 node 102, of the first portion, or p-side, of circuit 200. Capacitor 234 couples output 151 and 
resistor 121 to the high impedance node of the second portion or n-side of circuit 200. The rate 
of change in the output voltage (V 0 ) is limited by the slew rates of capacitors 133 and 234 and the 
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available slewing or reference current (I re f) from current source 132 when the output voltage (V G ) 
changes from a high state to a low state or vice versa. 

More specifically, when the output voltage at output 151 changes from a high state to a 
low state, switch 241 is closed, and switch 242 is open. Under these conditions, the first portion, 
5 or p-side, of circuit 200 is off or inactive, and the second portion, or n-side, of circuit 200 is on or 
active. Thus, capacitor 234 controls the slew rate of the output voltage at output 151 when the 
output of circuit 200 changes from a high state to a low state. 

When the output voltage at output 151 changes from a low state to a high state, however, 
switch 241 is open, and switch 242 is closed. Under these conditions, the first portion, or p-side, 
10 of circuit 200 is on or active, and the second portion, or n-side, of circuit 200 is off or inactive. 
Thus, capacitor 133 controls the slew rate of the output voltage at output 151 when the output of 
circuit 200 changes from a low state to a high state. 

Optional devices 203, 204, 205, 206, 211, 212, 213, and 214 and optional switches 261, 
262, 263, 264, 271, 272, 273, 274, 281, 282, 283, 284, 291, 292, 293, and 294 can be included in 
15 circuit 200 to compensate for manufacturing variations in the sheet resistance, or doping level, of 
the polycrystalline silicon (polysilicon) material used to form resistors 121, 127, and 228. For 
example, the sheet resistance of the polysilicon material used to form resistors 121, 127, and 228 
can vary approximately twenty percent or more of a target sheet resistance. The evaluation of the 
sheet resistance can be performed by comparing the resistance of resistor 121 to the resistance of 
20 the highly accurate, discrete, off-chip resistor. 

Under a first set of conditions where the sheet resistance of the polysilicon material used 
to form resistors 121, 127, and 228 is within approximately ten percent of a target sheet 
resistance, then switches 281, 282, 283, and 284 and/or switches 291, 292, 293, and 294 can be 

PX01DOCS/340589.02 - 19 - 



3 Tl; im t:.r '3 : >Zr Z?.i 

ut!ttt 1t«? *f«.il* ««Jt« thtt« i 



closed or can be turned on while switches 261, 262, 263, and 264 and/or switches 271, 272, 273, 
and 274 can be opened or turned off. If the first portion, or p-side, of circuit 200 is active and the 
second portion, or n-side, of circuit 200 is inactive, then switches 281, 282, 283, and 284 are 
closed while switches 261, 262, 263, and 264 are open. On the other hand, if the first portion, or 
5 p-side, of circuit 200 is inactive and the second portion, or n-side, of circuit 200 is active, then 
switches 291, 292, 293, and 294 are closed while switches 271, 272, 273, and 274 are open. 
Under this first set of conditions and in the preferred embodiment, switches 281, 282, 283, 284, 
291, 292, 293, and 294 remain closed while switches 261, 262, 263, 264, 271, 272, 273, and 274 
remain open regardless of whether the first or second portion of circuit 200 is active. 

10 Under this first set of conditions, optional devices 203 and 211 and/or optional devices 

204 and 213 are used to conduct current in circuit 200 while optional devices 205, 206, 212, and 
214 are not used in circuit 200. Here, when circuit 200 is not in a high output impedance state, 
the output impedance measured at output 151 of circuit 200 comprises the impedance of resistor 
121 and the output impedances of devices 101 and 203 or devices 202 and 204. The output 

15 impedances of devices 101 and 203 are in parallel with each other and are in series with the 
impedance of resistor 121, and the output impedances of devices 202 and 204 are in parallel with 
each other and are in series with the impedance of resistor 121. 

Under a second set of conditions, the sheet resistance of the polysilicon material used to 
form resistors 121, 127, and 228 is ninety percent or less than the target sheet resistance. Here, 

20 the sheet resistance of resistors 121, 127, and 228 is low, and the resistance of resistors 121, 127, 
and 228 is low. Under this second set of conditions, resistor 121 contributes to a smaller portion 
of the output impedance measured at output 151 of circuit 200 than under the first set of 
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conditions. Accordingly, a larger portion of the output impedance measured at output 151 is 
from the output impedance of transistors than under the first set of conditions. 

To increase the magnitude of transistor output impedance measured at output 151, a 
fewer number of transistors are used in parallel with each other compared to the situation 
5 described earlier for the first set of conditions. Switches 261, 262, 263, 264, 281, 282, 283, and 
284 and/or switches 271, 272, 273, 274, 291, 292, 293, and 294 can be turned off or can be 
opened. If the first portion, or p-side, of circuit 200 is active and the second portion, or n-side, of 
circuit 200 is inactive, then switches 261, 262, 263, 264, 281, 282, 283, and 284 are open. On 
the other hand, if the first portion, or p-side, of circuit 200 is inactive and the second portion, or 

10 n-side, of circuit 200 is active, then switches 271, 272, 273, 274, 291, 292, 293, and 294 are 
open. Under this second set of conditions and in the preferred embodiment, all of switches 261, 
262, 263, 264, 271, 272, 273, 274, 281, 282, 283, 284, 291, 292, 293, and 294 remain open 
regardless of whether the first or second portion of circuit 200 is active. 

Under this second set of conditions, optional devices 203, 205, 211, and 212 and/or 

15 optional devices 204, 206, 213, and 214 are not used in circuit 200. Here, when circuit 200 is not 
in a high output impedance state, the output impedance measured at output 151 of circuit 200 
comprises the impedance of resistor 121 in series with the output impedance of device 101 or 
202. 

Under a third set of conditions, the sheet resistance of the polysilicon material used to 
20 form resistors 121, 127, and 228 is one hundred and ten percent or greater than the target sheet 
resistance. Here, the sheet resistance of resistors 121, 127, and 228 is high such that the 
resistance of resistors 121, 127, and 228 is high. Under this third set of conditions, resistor 121 
contributes to a larger portion of the output impedance measured at output 151 of circuit 200 than 
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under the first set of conditions. Accordingly, a smaller portion of the output impedance 
measured at output 151 is from the output impedance of transistors than under the first set of 
conditions. 

To reduce the magnitude of transistor output impedance measured at output 151, a larger 
5 number of transistors are used in parallel compared to the situation described earlier for the first 
set of conditions. Switches 261, 262, 263, 264, 281, 282, 283, and 284 and/or switches 271, 272, 

273, 274, 291, 292, 293, and 294 can be turned on or can be closed. If the first portion, or p-side, 
of circuit 200 is active and the second portion, or n-side, of circuit 200 is inactive, then switches 
261, 262, 263, 264, 281, 282, 283, and 284 are closed. On the other hand, if the first portion, or 

10 p-side, of circuit 200 is inactive and the second portion, or n-side, of circuit 200 is active, then 
switches 271, 272, 273, 274, 291, 292, 293, and 294 are closed. Under this third set of 
conditions and in the preferred embodiment, all of switches 261, 262, 263, 264, 271, 272, 273, 

274, 281, 282, 283, 284, 291, 292, 293, and 294 remain closed regardless of whether the first or 
second portion of circuit 200 is active. 

15 Under this third set of conditions, optional devices 203, 205, 211, and 212 and/or optional 

devices 204, 206, 213, and 214 are used to conduct current. Here, when circuit 200 is not in a 
high output impedance state, the output impedance measured at output 151 of circuit 200 
comprises the impedance of resistor 121 and the output impedances of devices 101, 203, and 205 
or devices 202, 204, and 206. The output impedances of devices 101, 203, and 205 are in 

20 parallel with each other and are in series with the impedance of resistor 121, and the output 
impedances of devices 202, 204, and 206 are in parallel with each other and are in series with the 
impedance of resistor 121. 
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FIG. 3 illustrates a circuit diagram of an integrated circuit 300, which is an alternative 
embodiment to circuit 100 in FIG. 1. As an example, circuit 300 can represent an integrated 
circuit comprising a driver circuit with on-chip termination. In the preferred embodiment, circuit 

300 represents an integrated circuit having a voltage-mode driver circuit with an analog on-chip 
termination or analog self-termination. Preferably, the termination is an integral part of the 
driver circuit and is not a different circuit separate from the driver circuit. Also in the preferred 
embodiment, the output impedance of the driver circuit is well-controlled to be substantially 
linear [or constant] throughout an output voltage operating range of the driver circuit [and 
particularly during voltage transitions of the output voltage of the driver circuit]. Further 
in the preferred embodiment, the driver circuit controls the slew rate of its output voltage. In the 
preferred embodiment, circuit 300 is compatible with the Universal Serial Bus 2 (USB2) 
operating specifications. 

As illustrated in FIG. 3, circuit 300 comprises three-terminal devices 301 and 307 of the 
first type. In the preferred embodiment, devices 301 and 307 are p-channel MOSFETs. Devices 

301 and 307 can be similar to devices 101 and 107, respectively, in FIG. 1. 

In operation, a reference current is applied to a third terminal, or the drain electrode, of 
device 307 in FIG. 3 to generate a control voltage that is applied to the second electrodes of 
devices 301 and 307. The control voltage is a function of comparing an output voltage at the 
third terminal of device 307 to a reference voltage derived from the reference current and a 
reference resistance. In the preferred embodiment, the reference resistance is provided by a 
highly accurate resistor that has less than approximately 0.1 percent error. Also in the preferred 
embodiment, this highly accurate resistor is provided by a discrete off-chip resistor. In other 
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embodiments, the reference resistance can be provided by a less accurate resistor and/or an on- 
chip resistor. 

Circuit 300 additionally comprises resistors 321 and 327, which can be similar to resistors 
121 and 127, respectively, of FIG. 1. Device 307 and resistor 327 in FIG. 3 are replicas of device 
5 301 and resistor 321, respectively, in FIG. 3. Device 307 and resistor 327 are preferably scaled 
replicas of device 301 and resistor 321, respectively, similar to the scaled replica relationship 
between devices 107 and 101 in FIG. 1 and between resistors 127 and 121 in FIG. 1. Similar to 
devices 101 and 107 and resistors 121 and 127 in FIG. 1, device 301 and resistor 321 form a sub- 
circuit that is a scaled version or replica of another sub-circuit comprised of device 307 and 
10 resistor 321. 

Circuit 300 further comprises a current source 332 and an amplifier 331, which can be 
similar to current source 132 and amplifier 131, respectively, in FIG. 1. In the preferred 
embodiment, amplifier 331 in FIG. 3 is an OTA having two inputs, namely a negative input and a 
positive input. The negative input of amplifier 331 is coupled to a reference voltage (V^i) 352. 
15 Device 307 and resistor 327 are coupled together in a feedback loop with the positive input and 
the output of amplifier 331. 

Circuit 300 also has an output 351, which can be similar to output 151 in FIG. 1. Circuit 
300 in FIG. 3 has an output voltage (V Q ) at output 351. An output impedance measured at output 
351 of circuit 300 is preferably substantially linear [or constant] within an operating range of the 
20 output voltage (V G ) at output 351. 

Circuit 300 further comprises a capacitor 333, which can be similar to capacitor 133 in 
FIG. 1. Capacitor 333 in FIG. 3 couples output 351 and resistor 321 to node 302 for controlling 
the slew rate of the output voltage (V 0 ) at output 351. 
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The operation of circuit 300 in FIG. 3 is similar to that of circuit 100 in FIG. 1. Current 
source 332 generates a reference current (I rcf ), which is applied to the third terminal, or drain 
electrode, of device 307. Device 307, however, does not output any current at its third terminal. 
Therefore, the voltage at high impedance node 302 will decrease. Amplifier 331 senses the 
5 voltage at node 302 and compares this voltage to reference voltage 352. If the voltage at high 
impedance node 302 is lower in potential than reference voltage 352, then amplifier 331 drives 
the second terminals, or control electrodes, of devices 301 and 307 negative. This action turns 
on devices 301 and 307, which causes currents to flow through device 307 and resistor 327 and 
through device 301 and resistor 321. Consequently, the voltage at node 302 and output 351 will 
10 increase until circuit 300 reaches equilibrium where the voltage at node 302 equals reference 
voltage 352. 

This stable state defines an impedance at node 302, through resistor 327 and device 307, 
referenced to the power supply (V dd ). Because device 301 and resistor 321 are scaled replicas of 
device 307 and resistor 327, respectively, the output impedance of circuit 300 is well defined at 

15 output 351. Thus, the sub-circuit comprised of device 307 and resistor 327 is used with or in the 
feedback loop to generate a control voltage that is used to control the output impedance of circuit 
300. Capacitor 333 controls the output voltage (V 0 ) slew rate, which is defined by capacitor 333 
and the reference current (I re r) from current source 332. 

In the preferred embodiment, the aforementioned output voltage at the third terminal of 

20 device 307 is measured from resistor 327 at node 302, which is coupled to an opposite end of 
resistor 327 from a circuit node 304. Node 302 is considered to be "at" the third terminal of 
device 307 in the preferred embodiment of circuit 300. In an alternative embodiment, node 304 
is considered to be "at" the third terminal of device 307. In this alternative embodiment, circuit 
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300 does not include resistor 321 or 327. Accordingly, in this alternative embodiment, the output 
impedance of circuit 300 measured at output 351 is not as linear [or constant] as the output 
impedance of circuit 300 in the preferred embodiment. 

FIG. 4 illustrates a flow chart 400 of a method of controlling output impedance of an 
5 integrated circuit. As an example, the operation of the circuit described in flow chart 400 can be 
the operation of circuit 100, 200, or 300 in FIGS. 1, 2, and 3, respectively!, as described 
hereinbefore, and can also be the operation of circuits 500, 600, or 700 in FIGs. 5, 6, and 7, 
respectively, as described hereinafter]. 

At a step 410 of flow chart 400, a reference current is generated as a function of a 

10 reference voltage and a reference resistance. At a step 420 of flow chart 400, a first sub-circuit is 
used to generate an output impedance of the circuit. At a step 430 of flow chart 400, a second 
sub-circuit is used in a feedback loop to generate a control voltage. The second sub-circuit is a 
replica of the first sub-circuit, or vice-versa. In the preferred embodiment, the second sub-circuit 
is a scaled replica of the first sub-circuit. The sequence of steps 420 and 430 can be reversed. 

15 At a step 440 of flow chart 400, the control voltage is used to control the output 

impedance of the circuit. In the preferred embodiment, the control voltage is adjusted to keep the 
output impedance of the circuit substantially linear [or constant] across an operating range of an 
output voltage of the circuit [and particularly during voltage transitions of the output voltage 
of the circuit]. 

20 In an alternative embodiment of flow chart 400, step 410 comprises generating a 

reference voltage as a function of a reference current and a reference resistance. In this 
embodiment of flow chart 400, steps 420, 430, and 440 remain the same. 
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[FIG. 5 illustrates a schematic diagram of an integrated circuit 500, which is similar 
to circuit 100 in FIG, 1. One difference between circuit 100 in FIG. 1 and circuit 500 in 
FIG. 5 is that circuit 500 comprises a switch 501 that is coupled to current source 132 and 
devices 101, 107, and 108 via node 102. The use of switch 501 maintains a substantially 
5 linear or constant output impedance at output 151 for circuit 500 across an output voltage 
operating range of circuit 500 and particularly during voltage transitions at output 151. 

Switch 501 is closed for a short period of time during a transition of the output 
voltage at output 151 of circuit 500 from low to high or vice versa. When switch 501 is 
closed, node 102 is shorted to the ground potential or some other pre-determined reference 
10 voltage. Accordingly, switch 501 is closed to over-drive the gate terminals of the output 
transistor, or the second terminal of device 101, during such a transition of the output 
voltage. Switch 501 is preferably kept closed for at least as long as the longest time 
constant for the largest capacitive load that might be coupled to output 151 of circuit 500. 

In the preferred embodiment, circuit 500 is compatible with the Universal Serial 
15 Bus 2 (USB2) operating specifications. Circuit 500 in FIG. 5 has an improved alternating 
current (a.c.) electrical performance compared to that of circuit 100 in FIG. 1 with respect 
to the USB2 operation specifications. 

FIG. 6 illustrates a schematic diagram of an integrated circuit 600, which is similar 
to integrated circuit 200 in FIG. 2 and where integrated circuit 500 in FIG. 5 is a portion of 
20 integrated circuit 600 in FIG. 6. One difference between integrated circuit 200 in FIG. 2 
and integrated circuit 600 in FIG. 6 is that integrated circuit 600 comprises switch 501 and 
a switch 601. The use of switches 501 and 601 maintains a substantially constant output 
impedance at output 151 for circuit 600 across an output voltage operating range of circuit 
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600 and particularly during voltage transitions at output 151. Switch 601 couples current 
source 132 and devices 209, 210, and 202 to the first power supply (V dd ) or a pre- 
determined reference voltage. Also, in integrated circuit 600, switch 501 is coupled to a 
different pre determined reference voltage such as, for example, the second power supply 

5 (V ss ). 

Switch 601 is closed to over-drive the gate terminals or second terminals of device 
202. Accordingly, switch 601 operates in a manner similar to that described earlier for 
switch 501 in FIG. 5. When switch 293 and/or switch 273 are closed, the closing of switch 

601 also over-drives the gate terminals of devices 204 and/or 206. Similarly, when switch 
10 283 and/or switch 263 are closed, the closing of switch 501 also over-drives the gate 

terminals of devices 203 and/or 205. 

Circuit 600 in FIG. 6 has been demonstrated to have an improved a.c. electrical 
performance compared to that of circuit 200 in FIG. 2 with respect to the USB2 operation 
specifications. This improved a.c. electrical performance of the embodiment illustrated in 

15 FIG. 6 is due to the lower output impedance of the driver under transient conditions 
compared to the embodiment illustrated in FIG.2. The embodiment of FIG. 6 improves the 
matching of the driver output impedance to the characteristic impedance of a USB cable. 
The USB cable may be modeled as a transmission line so effectively matching the 
characteristic impedance of the USB cable throughout voltage transitions reduces 

20 unwanted voltage reflections. 

FIG. 7 illustrates a schematic diagram of an integrated circuit 700, which is similar 
to integrated circuit 300 in FIG. 3. One difference between integrated circuit 300 in FIG. 3 
and integrated circuit 700 in FIG. 7 is that integrated circuit 700 comprises a switch 701 
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that is coupled to amplifier 331 and devices 301 and 307, The use of switch 701 maintains a 
substantially constant output impedance at output 351 for circuit 700 across an output 
voltage operating range of circuit 700 and particularly during voltage transitions at output 
351. When switch 701 is closed, amplifier 331 and devices 301 and 307 are shorted to the 
ground potential or a pre determined referenced voltage. Switch 701 operates in a manner 
similar to that described earlier for switch 501 in FIG. 5. Circuit 700 in FIG. 7 has an 
improved a.c. electrical performance compared to that of circuit 300 in FIG. 3 with respect 
to the USB2 operation specifications. 

FIG. 8 illustrates a subcircuit 800 that can be used with and/or can be a portion of 
circuits 500, 600, and 700 in FIGs. 5, 6, and 7, respectively. Subcircuit 800 detects the edge 
or beginning of a low-to-high transition and of a high-to-low transition of the output 
voltage for those circuits. Accordingly, subcircuit 800 can be used to control switches 501, 
601, and 701 in circuits 500, 600, and 700 of FIGs. 5, 6, and 7, respectively, to determine 
when switches 501, 601, and 701 are to be closed. 

Subcircuit 800 is a digital circuit that comprises two shift registers in parallel with 
each other. More specifically, subcircuit 800 comprises D-Q flip-flops 801, 802, 803, and 
804, inverters 805, 806, 807, 808, 814, 815, 818, and 819, NAND gates 809, 810, and 811, and 
NOR gates 812, 813, 816, and 817. Subcircuit 800 also has inputs 850, 851, 852, and 853 
and outputs 854, 855, 856, and 857. 

An enable signal is coupled to input 850. The enable signal represents a driver 
enable signal that causes the driver to transition from a high impedance output to enabling 
a drive high or drive low condition at the output. Input 850 is coupled to the D input of 
flip-flop 801 and the inputs of NAND gates 809, 810, and 811. 
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A voltage-in signal is coupled to input 851. The voltage-in signal represents a 
desired logic level, either logic high or low, at the output of the driver. Input 851 is coupled 
to the D input of Hip-flop 803, the input of NAND gate 81 0, the input of NOR gate 813, and 
the inputs of inverters 805 and 808. 

Input 852 represents a clock input and is coupled to the clock inputs of flip-flips 
801, 802, 803, and 804. As an example, the clock input can be a system clock of 
approximately one hundred twenty MegaHertz (MHz). Input 853 represents a reset signal 
and is coupled to the reset inputs of flip-flops 801, 802, 803, and 804. 

The Q output of flip-flip 801 is coupled to the D input of flip-flop 802, and the Q 
output of flip-flop 802 is coupled to the input of inverter 806, whose output is coupled to an 
input of NAND gate 809. The Q output of flip-flip 803 is coupled to the D input of flip-flop 
804, and the Q output of flip-flop 804 is coupled to an input of NAND gate 811 and the 
input of inverter 807, whose output is coupled to an input of NAND gate 810. 

The output of NAND gate 809 is coupled to the inputs of NOR gates 812 and 813. 
Another input of NOR gate 812 is coupled to the output of inverter 805. The output of 
NAND gate 810 is coupled to an input of inverter 814, and the output of NAND gate 811 is 
coupled to an input of inverter 815. Inputs of NOR gate 816 are coupled to the outputs of 
NOR gate 812 and inverter 814, and the inputs of NOR gate 817 are coupled to the outputs 
of NOR gate 813 and inverter 815. 

The output of NOR gate 816 is coupled to output 854 and to an input of inverter 
818, whose output is coupled to output 855. The output of NOR gate 817 is coupled to 
output 856 and to an input of inverter 819, whose output is coupled to output 857. 
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When subcircuit 800 operates on a 1.8 volt power supply and when circuits 500, 600, 
and 700 in FIGs. 5, 6, and 7, respectively, operate on a 3,3 volt power supply, outputs 854 
and 855 of subcircuit 800 in FIG. 8 can be coupled to a level shifter, which can be coupled 
to switch 601 in FIG. 6. Under the same conditions, outputs 856 and 857 of subcircuit 800 
in FIG. 8 can be coupled to a level shifter, which can be coupled to switch 501 in FIGs. 5 
and 6 and/or switch 701 in FIG. 7. In an embodiment where subcircuit 800 operates on a 
3.3 volt power supply, the aforementioned level shifters can be eliminated.] 

Therefore, an improved integrated circuit and method of controlling output impedance is 
provided to overcome the disadvantages of the prior art. The integrated circuit has a voltage- 
mode driver circuit with an integral, analog on-chip termination. The integral and analog nature 
of the on-chip termination minimizes the problems associated with EMI and also minimizes the 
amount of space required on a semiconductor chip. The output impedance of the integrated 
circuit also behaves linearly [or in a constant manner] near the supply rails. 

Although the invention has been described with reference to specific embodiments, it will 
be understood by those skilled in the art that various changes may be made without departing 
from the spirit or scope of the invention. For instance, the numerous details set forth herein such 
as, for example, the sizes of the three-terminal devices and the resistors are provided to facilitate 
the understanding of the invention and are not provided to limit the scope of the invention. 
Furthermore, the method described by flow chart 400 can be performed by circuits other than 
circuits 100, 200, (or 300 ) [300, 500, 600, or 700] in FIGs. 1, 2, (and 3, ) [3, 5, 6, and 7,] 
respectively. Moreover, the p-side of circuit 200 in FIG. 2 [and/or circuit 600 in FIG. 6] can be 
modified to include circuit 300 in FIG. 3, instead of circuit 100 in FIG. 1. In this embodiment, 
one skilled in the art will understand that appropriate changes will also be made to the n-side of 
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circuit 200 in FIG. 2 [and/or circuit 600 in FIG. 6]. Accordingly, the disclosure of 
embodiments of the invention is intended to be illustrative of the scope of the invention and is 
not intended to be limiting. It is intended that the scope of the invention shall be limited only to 
the extent required by the appended claims. 
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CLAIMS 



1. (Amended) An integrated circuit comprising: 
a first three-terminal device of a first type; (and 

5 * 

a second three-terminal device of the first type, a first terminal of the second three- 
terminal device electrically coupled to a first terminal of the first three-terminal device, and a 
second terminal of the second three-terminal device electrically coupled to a second terminal of 
the first three-terminal device[; and 
10 a switch coupled to the second terminals of the first and second three-terminal 

devices,]-^ 

wherein: 

a reference current applied to a third terminal of the second three-terminal device 
15 generates a control voltage applied to the second terminals of the first and second three-terminal 
devices; 

where the control voltage is a function of comparing an output voltage at the third 
terminal of the second three-terminal device to a reference voltage; and 

the reference current is derived from the reference voltage and a reference 

20 resistance. 

2. The integrated circuit of claim 1 wherein: 
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the second three-terminal device has a different output impedance than the first three- 
terminal device. 

3. The integrated circuit of claim 2 wherein: 

the second three-terminal device has a larger output impedance than the first three- 
terminal device. 

4. The integrated circuit of claim 1 further comprising: 

a supply voltage electrically coupled to the first terminals of the first and second three- 
terminal devices. 

5. The integrated circuit of claim 1 wherein: 

the second terminal of the first three-terminal device is a first control terminal for the first 
three-terminal device; and 

the second terminal of the second three-terminal device is a second control terminal for 
the second three-terminal device. 

6. The integrated circuit of claim 1 further comprising: 

a first resistor coupled to a third terminal of the first three-terminal device; 

a second resistor coupled to the third terminal of the second three-terminal device; and 

an output of the integrated circuit coupled to the first resistor, 

wherein: 
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the reference current is applied to the third terminal of the second three-terminal 
device through the second resistor; and 

the output voltage at the third terminal of the second three-terminal device is 
measured from the second resistor. 

1. The integrated circuit of claim 6 wherein: 

an output impedance at the output of the integrated circuit comprises an output 
impedance of the first three-terminal device and an impedance of the first resistor. 

8. The integrated circuit of claim 7 wherein: 

the impedance of the first resistor is greater than the output impedance of the first three- 
terminal device. 

9. (Amended) The integrated circuit of claim 8 wherein: 

the output impedance of the integrated circuit is substantially (lin e ar) [constant] across 
an operating range of an output voltage at the output of the integrated circuit. 

10. (Amended) The integrated circuit of claim 1 further comprising: 

an output of the integrated circuit coupled to a third terminal of the first three-terminal 
device {; and) [.] 

(a capacitor coupling th e s econd terminals of th e first and second thre e terminal devic es 
to tho output of tho integrat e d circuit.) 
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11. (Amended) The integrated circuit of claim 10 wherein: 

the (capacitor controls a plow rate - of an output voltago at th e output of th o intogratod 
circuit) (switch maintains a substantially constant output impedance at the at the output of 
the integrated circuit during voltage transitions.] 

12. The integrated circuit of claim 1 further comprising: 

a third three-terminal device of the first type, a first terminal of the third three-terminal 
device electrically coupled to the first terminals of the first and second three-terminal devices, a 
second terminal of the third three-terminal device removably and electrically coupled to the first 
and second terminals of the first and second three-terminal devices, and a third terminal of the 
third three-terminal device electrically coupled to a third terminal of the first three-terminal 
device; and 

a fourth three-terminal device of the first type, a first terminal of the fourth three-terminal 
device electrically coupled to the first terminals of the first, second, and third three-terminal 
devices, a second terminal of the fourth three-terminal device removably and electrically coupled 
to the first terminals of the first, second, and third three-terminal devices and to the second 
terminals of the first and second three-terminal devices. 

13. The integrated circuit of claim 1 further comprising: 

an output of the integrated circuit coupled to a third terminal of the first three-terminal 

device; 
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a third three-terminal device of the first type, a first terminal of the third three-terminal 
device coupled to a third terminal of the second three-terminal device, and a third terminal of the 
third three-terminal device coupled to the second terminals of the first and second three-terminal 
devices; 

an amplifier comprising two inputs and an output, a first one of the two inputs coupled to 
the third terminal of the second three-terminal device and to the first terminal of the third three- 
terminal device, the output coupled to a second terminal of the third three-terminal device, and a 
second one of the two inputs coupled to the reference voltage; and 

a current source providing the reference current and coupled to the third terminal of the 
third three-terminal device and to the second terminals of the first and second three-terminal 
devices. 

14. The integrated circuit of claim 13 further comprising: 

a first resistor coupling the output of the integrated circuit to the third terminal of the first 
three-terminal device; and 

a second resistor coupling the third terminal of the second three-terminal device to the 
first one of the two inputs of the amplifier and to the first terminal of the third three-terminal 
device, 

wherein: 

the reference current is applied to the third terminal of the second three-terminal 
device through the second resistor and through the third three-terminal device; and 

the output voltage at the third terminal of the second three-terminal device is 
measured from the second resistor. 
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15. (Amended) The integrated circuit of claim 13 (further comprising:) [wherein:] 

(a oapaoitor ooupling) [the switch couples] the second terminals of the first and second 
three-terminal devices, the third terminal of the third three-terminal (devic e s) [device], and the 
current source to (th e output of the int e grat e d oirouit) [a reference voltage]. 

16. (Amended) The integrated circuit of claim 15 wherein: 

the (capacitor controls a slow rate of an output voltag e ) [switch maintains a 
substantially constant output impedance] at the output of the integrated circuit [during 
voltage transitions]. 

17. (Amended) The integrated circuit of claim 13 further comprising: 

a first resistor coupling the output of the integrated circuit to the third terminal of the first 
three-terminal device; [and] 

a second resistor coupling the third terminal of the second three-terminal device to the 
first one of the two inputs of the amplifier and to the first terminal of the third three-terminal 
device (; and) [,] 

(a capaoitor coupling the se cond t e rminal s of the first and s e cond thr ee torminal devices, 
th e third terminal of the third thr o e terminal d e vic e s, and th e current source to th e output of th o 
int e grated circuit and to the first r e sistor;) [wherein:] 
(wherein: 

Hthe switch couples the second terminals of the first and second three-terminal devices, the 
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third terminal of the third three-terminal device, and the current source to a pre- 
determined reference voltage;] 

the reference current is applied to the third terminal of the second three-terminal 
device through the second resistor and through the third three-terminal device; 

the output voltage at the third terminal of the second three-terminal device is 
measured from the second resistor; and 

the (capacitor controls a sl o w rate of an output voltage) [switch maintains a 
substantially constant output impedance] at the output of the integrated circuit [during 
voltage transitions]. 

18. The integrated circuit of claim 1 further comprising: 

an output of the integrated circuit coupled to a third terminal of the first three-terminal 

device; 

an amplifier comprising two inputs and an output, a first one of the two inputs coupled to 
a third terminal of the second three-terminal device, a second one of the two inputs coupled to 
the reference voltage, and the output coupled to the second terminals of the first and second 
three-terminal devices; and 

a current source providing the reference current and coupled to the first one of the two 
inputs of the amplifier and to the third terminal of the second three-terminal device. 

19. The integrated circuit of claim 18 further comprising: 

a first resistor coupling the output of the integrated circuit to the third terminal of the first 
three-terminal device; and 
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a second resistor coupling the third terminal of the second three-terminal device to the 
first one of the two inputs of the amplifier and to the current source, 
wherein: 

the reference current is applied to the third terminal of the second three-terminal 
device through the second resistor; and 

the output voltage at the third terminal of the second three-terminal device is 
measured from the second resistor. 

20. (Amended) The integrated circuit of claim 18 (further comprising:) [wherein:] 

(a capacitor coupling th e s e cond resistor, th e first on o of the two inputs) [the switch 
couples a reference voltage to the second terminal of the first three-terminal device and the 
output] of the amplifie r (, and th o current sourc e to tho first resistor and to tho output of tho 
integrated circuit) . 

21. (Amended) The integrated circuit of claim 20 wherein: 

the (capacitor controls a sl e w rate of an output voltago) [switch maintains a 
substantially constant output impedance] at the output of the integrated circuit [during 
voltage transitions]. 

22. (Amended) The integrated circuit of claim 18 further comprising: 

a first resistor coupling the output of the integrated circuit to the third terminal of the first 
three-terminal device; [and] 
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a second resistor coupling the third terminal of the second three-terminal device to the 
first one of the two inputs of the amplifier and to the current source (; and) [,] 

■ {a oapaoitor coupling th e s e cond r e sistor, the fir s t one of th e two inputs of the amplifi o r, 
and th e curr e nt s ourc o to tho first resistor and three t e rminal d o vioo to th e output of th e intograt o d 
5 circuit,) [wherein:] 

- ( • wh e r e in: 

± [the switch couples a reference voltage to the second terminal of the first three-terminal 
device and the output of the amplifier, ] 

the reference current is applied to the third terminal of the second three-terminal 
10 device through the second resistor; 

the output voltage at the third terminal of the second three-terminal device is 
measured from the second resistor; and 

the (capacitor controls a sl e w rat e of an output voltag e ) [switch maintains a 
substantially constant output impedance] at the output of the integrated circuit [during 
1 5 voltage transitions] . 



PX01DOCS/340589.02 



-41 - 



23. (Amended) A driver circuit comprising: 

a first MOSFET having a first gate electrode, a first drain electrode, and a first source 
electrode; 

a first resistor coupled to the first drain electrode; 

an output of the driver circuit coupled to the first resistor; 

a second MOSFET having a second gate electrode, a second drain electrode, and a second 
source electrode, the first and second gate electrodes coupled together and the first and second 
source electrodes coupled together; 

a second resistor coupled to the second drain electrode; 

a third MOSFET having a third gate electrode, a third drain electrode, and a third source 
electrode, the third source electrode coupled to the second resistor; 

an amplifier having a first amplifier input, a second amplifier input, and an amplifier 
output, the first amplifier input coupled to the second resistor and the third source electrode, the 
second amplifier input coupled to a reference voltage, and the amplifier output coupled to the 
third gate electrode;-(-and 
f 

a current source coupled to the third drain electrode, the first gate electrode, and the 
second gate electrode[; and 

a first switch coupled to the first and second gate electrodes and the current source,] 

24. The driver circuit of claim 23 wherein: 

the second MOSFET has a larger output impedance than the first MOSFET; and 
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the second resistor has a larger impedance than the first resistor. 

25. (Amended) The driver circuit of claim 24 wherein: 

an output impedance of the driver circuit at the output of the driver circuit comprises an 
output impedance of the first MOSFET and an impedance of the first resistor; 

the impedance of the first resistor is greater than the output impedance of the first 
MOSFET such that the output impedance of the driver circuit is substantially (linear) 
[constant]. 

26. (Amended) The driver circuit of claim 25 (furth e r comprising:) [wherein:] 

(a capacitor coupling output of the driver circuit) [the first switch couples a pre- 
determined reference voltage] to (th e third drain electrode,) the first and second gate 
electrodes-frf and the current source to (control a s l e w rat e of an output voltag o ) [maintain a 
substantially constant impedance] at the output of the driver circuit [during voltage 
transitions]. 

27. (Amended) The driver circuit of claim 25 further comprising: 

a fourth MOSFET having a fourth gate electrode, a fourth drain electrode, and a fourth 
source electrode, the fourth drain electrode coupled to the first resistor and the first drain 
electrode, and the fourth source electrode coupled to the first and second source electrodes; and 

a (first) [second] switch coupling the fourth gate electrode to the first and second gate 
electrodes and the current source. 
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28. (Amended) The driver circuit of claim 27 further comprising: 

a fifth MOSFET having a fifth gate electrode, a fifth drain electrode, and a fifth source 
electrode, the fifth drain electrode coupled to the first resistor and the first and fourth drain 
5 electrodes, and the fifth source electrode coupled to the first, second, and fourth source 
electrodes; 

a ( se cond) [third] switch coupling the fifth gate electrode to the first and second gate 
electrodes and the current source; 

a (third) [fourth] switch coupling the fifth gate electrode to the first, second, fourth and 
10 fifth source electrodes; and 

a (fourth ) [fifth] switch coupling the fourth gate electrode to the first, second, fourth, and 
fifth source electrodes. 



29. (Amended) The driver circuit of claim 28 (further comprising:) [wherein:] 

15 (a capacitor coupling the output of th o driv e r circuit and the first rooistor) [the first 

switch couples a pre determined reference voltage] to the first and second gate electrodes, the 
third drain electrode, and the current source to (control a slew rat e of an output voltag o ) 
[maintain a substantially constant output impedance] at the output of the (driver) 
[integrated] circuit [during voltage transitions]. 

20 

30. (Amended) The driver circuit of claim 29 further comprising: 
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a (fifth) [sixth] switch coupling the first and second gate electrodes, the (capacitor) 
[fifth switch], the third drain electrode, and the current source to the first, second, fourth, and 
fifth source electrodes, 

wherein: 

the (first) [second] and (third) [fifth] switches are simultaneously opened and 

closed; and 

the ( se cond) [third] and fourth switches are simultaneously opened and closed. 
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3 1 . An integrated circuit comprising: 

a voltage-mode driver circuit having an integral, analog on-chip termination. 

32. The integrated circuit of claim 31 wherein: 

the voltage-mode driver circuit has a substantially constant output impedance within an 
operating range of an output voltage of the voltage-mode driver circuit. 
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33. (Amended) A method of controlling output impedance of a driver circuit comprising: 
generating a reference voltage as a function of a reference current and a reference 

resistance; 

using a first sub-circuit to generate the output impedance of the driver circuit; 
using a second sub-circuit with a feedback loop to generate a control voltage; and 
using the control voltage to control the output impedance [by opening and closing at 
least one switch]. 

34. The method of claim 33 wherein: 

the second sub-circuit is a replica of the first sub-circuit. 

35. The method of claim 34 wherein: 

the second sub-circuit is a scaled replica of the first sub-circuit. 

36. (Amended) The method of claim 33 wherein: 

using the control voltage further comprises adjusting the control voltage to keep the 
output impedance substantially (lin e ar) [constant] across an operating range of an output 
voltage of the driver circuit. 
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37. (Canceled) {A method of controlling output impedanc e of a driv e r circuit comprising: 
g e n e rating a ref e r e nc e curr e nt as a function of a referenc e voltag e and a ref e r e nc e r e si s tanc e ; 
using a first sub circuit to g o norat e th e output imp e danc e of the driv e r circuit; 

u s ing a s e cond sub circuit with a f ee dback loop to g o n o rat o a oontrol ourrent; and 
5 using the oontrol ourr e nt to control the output imp e danc e . 

38. (Canceled) Th e m e thod of claim 37 wherein: 
the s e cond sub circuit is a replica of th e first sub circuit. 

10 39. (Canceled) The method of claim 38 whor o in: 

th e second s ub circuit is a scal e d r e plica of th e first sub cirouit. 

40. (Canceled) Th e method of claim 37 whoroin: 
u s ing th e control voltage further comprises adju s ting the control voltage to keep the output 
15 imp e dance s ub s tantially linear across an operating rang e of an output voltage of th e driver 
cirouit.) 
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INTEGRATED CIRCUIT AND METHOD OF CONTROLLING OUTPUT IMPEDANCE 

Abstract of the Disclosure 

5 An integrated circuit (100, 200, 300) includes a voltage-mode driver circuit having an 

analog on-chip termination and also having a substantially constant output impedance across an 
operating range of an output voltage of the voltage-mode driver circuit. The voltage-mode driver 
circuit also (has slew rate control of the output voltage.) [maintains a substantially constant 
output impedance through voltage transitions to minimize voltage reflections while driving 
10 cabling.] 
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INTEGRATED CIRCUIT AND METHOD OF CONTROLLING OUTPUT IMPEDANCE 

Field of the Invention 

This invention relates to integrated circuits, in general, and to driver circuits and methods 
of controlling output impedance, in particular. 

Background of the Invention 
Many different types of driver circuits with on-chip termination have been developed to 
improve signal integrity in high-speed data communications. For example, on-chip termination 
provides improved signal integrity between transceivers over a transmission medium by 
matching the output impedance of the transceiver with the input impedance of the transmission 
medium. On-chip termination also provides lower system cost and lower component count. 

One example of a driver circuit with on-chip termination is briefly discussed in "A 2- 
Gbaud 0.7-V Swing Voltage-Mode Driver and On-Chip Terminator for High-Speed NRZ Data 
Transmission," IEEE Journ al of Solid-State Circuits . Volume 35, Number 6, June 2000, by 
Gijung Ahn, et al. The driver circuit briefly discussed by Gijung Ahn, et al., however, has the 
following problems. First, the termination is provided by a separate circuit from the driver 
circuit instead of being an integral part of the driver circuit itself. This separate circuit 
termination technique requires a large amount of space of a semiconductor chip. Second, the 
termination scheme described does not behave linearly near the supply rails, which is important 
for rail-to-rail output driver circuits. 

Another example of a driver circuit with on-chip termination is described in United States 
Patent number 5,898,312, issued on April 27, 1999 and invented by Alper Ukbahar, et al. One of 
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the many disadvantages of this type of driver circuit is its digital on-chip termination technique. 
For example, the digital termination technique uses discrete steps, which generates high 
frequency components and produces problems with Electro-Magnetic Interference (EMI). 
Furthermore, a large amount of space on a semiconductor chip is required to implement the 
5 digital termination technique. 

Accordingly, a need exists for an improved integrated circuit and a improved method of 
controlling output impedance. It is desired for the integrated circuit to minimize problems 
associated with EMI and also with large semiconductor chip space. It is also desired for the 
integrated circuit to behave linearly near the supply rails. 

10 

Summary of the Invention 
In accordance with the principles of the invention, an integrated circuit comprises a 
voltage-mode driver circuit having an integral, analog on-chip termination. 

Further, in accordance with the principles of the invention, an integrated circuit comprises 
15 a first three-terminal device of a first type and a second three-terminal device of the first type. A 
first terminal of the second three-terminal device is electrically coupled to a first terminal of the 
first three-terminal device, and a second terminal of the second three-terminal device is 
electrically coupled to a second terminal of the first three-terminal device. A reference current 
applied to a third terminal of the second three-terminal device generates a control voltage applied 
20 to the second terminals of the first and second three-terminal devices. The control voltage is a 
function of comparing an output voltage at the third terminal of the second three-terminal device 
to a reference voltage. The reference current is derived from the reference voltage and a 
reference resistance. 
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Still further, in accordance with the principles of the invention, a driver circuit comprises 
(1) a first MOSFET having a first gate electrode, a first drain electrode, and a first source 
electrode, (2) a first resistor coupled to the first drain electrode, (3) an output of the driver circuit 
coupled to the first resistor, (4) a second MOSFET having a second gate electrode, a second drain 
5 electrode, and a second source electrode, the first and second gate electrodes coupled together 
and the first and second source electrodes coupled together, (5) a second resistor coupled to the 
second drain electrode, (6) a third MOSFET having a third gate electrode, a third drain electrode, 
and a third source electrode, the third source electrode coupled to the second resistor, (7) an 
amplifier having a first amplifier input, a second amplifier input, and an amplifier output, the first 
10 amplifier input coupled to the second resistor and the third source electrode, the second amplifier 
input coupled to a reference voltage, and the amplifier output coupled to the third gate electrode, 
and (8) a current source coupled to the third drain electrode, the first gate electrode, and the 
second gate electrode. 

Also in accordance with the principles of the invention, a method of controlling output 
15 impedance of a driver circuit comprises generating a reference current as a function of a 
reference voltage and a reference resistance, using a first sub-circuit to generate the output 
impedance of the driver circuit, using a second sub-circuit in a feedback loop to generate a 
control current, and using the control current to control the output impedance. 

Additionally, in accordance with the principles of the invention, a method of controlling 
20 output impedance of a driver circuit comprises generating a reference voltage as a function of a 
reference current and a reference resistance, using a first sub-circuit to generate the output 
impedance of the driver circuit, using a second sub-circuit in a feedback loop to generate a 
control voltage, and using the control voltage to control the output impedance. 
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Brief Description of the Figures 
The invention will be better understood from a reading of the following detailed 
description, taken in conjunction with the accompanying figures in which: 
5 FIG. 1 illustrates a schematic diagram of an integrated circuit in accordance with an 

embodiment of the invention; 

FIG. 2 illustrates a schematic diagram of a larger integrated circuit in accordance with an 
embodiment of the invention; 

FIG. 3 illustrates a schematic diagram of a different integrated circuit in accordance with 
10 an embodiment of the invention; 

FIG. 4 illustrates a flow chart of a method of controlling output impedance of an 
integrated circuit in accordance with an embodiment of the invention; 

FIG. 5 illustrates a schematic diagram of another integrated circuit in accordance with an 
embodiment of the invention; 
15 FIG. 6 illustrates a schematic diagram of another larger integrated circuit in accordance 

with an embodiment of the invention; 

FIG. 7 illustrates a schematic diagram of yet another integrated circuit in accordance with 
an embodiment of the invention; and 

FIG. 8 illustrates a subcircuit that can be used with and/or can be a portion of the 
20 integrated circuits of FIGs. 5, 6, and 7. 

For simplicity and clarity of illustration, the drawing figures illustrate the general manner 
of construction, and descriptions and details of well-known features and techniques are omitted 
to avoid unnecessarily obscuring the invention. Additionally, elements in the drawing figures are 
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not necessarily drawn to scale, and the same reference numerals in different figures denote the 
same elements. 

Furthermore, the terms first, second, third, fourth, fifth, and the like in the description and 
in the claims, if any, are used for distinguishing between similar elements and not necessarily for 
describing a sequential or chronological order. It is further understood that the terms so used are 
interchangeable under appropriate circumstances and that the embodiments of the invention 
described herein are capable of operation in other sequences than described or illustrated herein. 

Detailed Description of the Figures 

FIG. 1 illustrates a circuit diagram of an integrated circuit 100. As an example, circuit 
100 can represent an integrated circuit comprising a driver circuit with on-chip termination. In 
the preferred embodiment, circuit 100 represents an integrated circuit having a voltage-mode 
driver circuit with an analog on-chip termination or analog self-termination. Preferably, the 
termination is an integral part of the driver circuit and is not a different circuit separate from the 
driver circuit. Also in the preferred embodiment, the output impedance of the driver circuit is 
well-controlled to be substantially linear or constant throughout an operating range of an output 
voltage of the driver circuit and particularly during voltage transitions of the output voltage of the 
driver circuit. Further in the preferred embodiment, the driver circuit controls the slew rate of its 
output voltage. In the preferred embodiment, circuit 100 is compatible with the Universal Serial 
Bus 2 (USB2) operating specifications. 

As illustrated in FIG. 1, circuit 100 includes a three-terminal device 101 of a first type. 
As an example, the first type of three-terminal device, such as device 101, can be a Field-Effect 
Transistor (FET) or a bipolar transistor. The FET can be a Metal-Oxide-Semiconductor FET 
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(MOSFET), a Junction FET (JFET), or a MEtal-Semiconductor FET (MESFET). The three 
terminals of a FET are a gate electrode, a drain electrode, and a source electrode. The three 
terminals of a bipolar transistor are a base electrode, a collector electrode, and an emitter 
electrode. A control electrode for a FET is the gate electrode, and a control electrode for a 
bipolar transistor is the base electrode. In the preferred embodiment, the first type of three- 
terminal device is a p-channel MOSFET. Accordingly, in the preferred embodiment, device 101 
is a p-channel MOSFET having gate electrode, a drain electrode, and a source electrode where 
the gate electrode is the control electrode for device 101. 

The term "three-terminal device" is defined as a device having at least three terminals. 
Therefore, the three-terminal device can also have four terminals. For example, the three- 
terminal device can be a FET with an additional bulk or backgate electrode that is coupled to a 
voltage potential. In the preferred embodiment, the bulk electrode, when used, is coupled to a 
ground potential, to the source electrode for an n-channel MOSFET, or to the source electrode or 
the positive supply rail for a p-channel MOSFET. 

Circuit 100 also comprises a three-terminal device 107 of the first type. In the preferred 
embodiment, device 107 is a p-channel MOSFET. A first terminal, or the source electrode, of 
device 107 is electrically coupled to a first terminal, or the source electrode, of device 101. A 
second terminal, or the gate electrode, of device 107 is electrically coupled to a second terminal, 
or the gate electrode, of device 101. The term "coupled" is defined as directly or indirectly 
connected in an electrical manner. 

In operation, a reference current is applied to a third terminal, or the drain electrode, of 
device 107 to generate a control voltage that is applied to the second electrodes of devices 101 
and 107. The control voltage is a function of comparing an output voltage at the third terminal of 
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device 107 to a reference voltage derived from the reference current and a reference resistance. 
In the preferred embodiment, the reference resistance is provided by a highly accurate resistor 
that has less than approximately 0.1 percent error. Also in the preferred embodiment, this highly 
accurate resistor is provided by a discrete off-chip resistor. In other embodiments, the reference 
resistance can be provided by a less accurate resistor and/or an on-chip resistor. 

Returning to the preferred embodiment of circuit 100 illustrated in FIG. 1, circuit 100 
also comprises a resistor 121. Resistor 121 is coupled to a third terminal, or the drain electrode, 
of device 101. An output 151 of circuit 100 is coupled to resistor 121. An output voltage (V G ) of 
circuit 100 can be measured at output 151. 

Circuit 100 additionally comprises a resistor 127. Resistor 127 is coupled to the third 
terminal, or the drain electrode, of device 107 at a circuit node 104. In the preferred 
embodiment, the aforementioned reference current is applied to the third terminal of device 107 
through resistor 127. Also in the preferred embodiment, the aforementioned output voltage at the 
third terminal of device 107 is measured from resistor 127 at a circuit node 103, which is coupled 
to an opposite end of resistor 127 from node 104. Node 103 is considered to be "at" the third 
terminal of device 107 in the preferred embodiment of circuit 100. 

In an alternative embodiment, node 104 is considered to be "at" the third terminal of 
device 107. In this alternative embodiment, circuit 100 does not include resistor 121 or 127. 
Accordingly, in this alternative embodiment, the output impedance of circuit 100 measured at 
output 151 is not as linear or constant as the output impedance of circuit 100 in the preferred 
embodiment. 

Circuit 100 further comprises a three-terminal device 108 of the first type. In the 
preferred embodiment, device 108 is a p-channel MOSFET. Device 108 is coupled to resistor 



PX0IDOCS/340589.02 



-7- 



127. In particular, a first terminal, or the source electrode, of device 108 is coupled to resistor 
127 at node 103. 

Circuit 100 also comprises an amplifier 131. Amplifier 131 has an output and also has 
two inputs, namely a negative input and a positive input. The output and the negative input of 
amplifier 131 are coupled in a negative feedback loop to device 108. In particular, the output of 
amplifier 131 is coupled to a second terminal, or the gate electrode, of device 108, and the 
negative input of amplifier 131 is coupled to the first terminal of device 108 at node 103. The 
second terminal of device 108 has a input high impedance. The negative input of amplifier 131 
is also coupled to resistor 127 at node 103. The positive input of amplifier of 131 is coupled to a 
high reference voltage (V refh i) 152. 

In the preferred embodiment, amplifier 131 is an Operational Transconductance 
Amplifier (OTA). The OTA provides voltage gain for the aforementioned negative feedback 
loop. In the preferred embodiment, amplifier 131 does not require a buffer stage because 
amplifier 131 drives the high impedance second terminal of device 108. If the second terminal of 
device 108 requires additional drive capability, an operational amplifier that includes a gain stage 
and a buffer stage may be used for amplifier 131. 

Circuit 100 further comprises a current source 132, which generates a reference current 
(I re f). Current source 132 is coupled to device 108. In particular, current source 132 is coupled to 
a third terminal, or the drain electrode, of device 108 at node 102. The third terminal of device 
108 and current source 132 are coupled to the second terminals of devices 101 and 107 at node 
102, which is a high impedance node of circuit 100. 

Circuit 100 can still further comprise a capacitor 133. Capacitor 133 couples resistor 121 
and output 151 to the second terminals of devices 101 and 107, to the third terminal of device 
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108, and to current source 132. Capacitor 133 provides slew rate control of the output voltage 
(V 0 ) at output 151. The output voltage at output 151 can have a maximum rate of change 
determined by capacitor 133 and current source 132. 

Circuit 100 can additionally comprise two power supplies. In the embodiment illustrated 
5 in FIG. 1, however, circuit 100 only has a single power supply (V dd ). As an example, the single 
power supply can have a voltage of approximately 3.3 volts. The single power supply (V d d) is 
coupled to the first terminals of devices 101 and 107. A ground potential is coupled to current 
source 132. 

As indicated earlier, it is desired for an output impedance measured at output 151 of 
10 circuit 100 to be substantially linear or constant within the operating range of the output voltage 
(V 0 ) at output 151 of circuit 100. Accordingly, the output impedance of circuit 100 preferably 
does not consist solely of the output impedance of a transistor because of the inherent non- 
linearity of the output impedance of a transistor. The impedance of a passive resistor is 
inherently linear, but the output impedance of circuit 100 preferably does not consist solely of the 
15 impedance of a passive resistor because a passive resistor cannot compensate for variations in 
operating temperature or for voltage coefficient problems. For example, if resistor 121 is a 
diffused on-chip resistor, the voltage applied to resistor 121 can substantially change its 
resistance value due to depletion effects in the resistor as the applied voltage increases. 

In the preferred embodiment, the output impedance measured at output 151 of circuit 100 
20 is preferably comprised of the impedance of a resistor, namely resistor 121, and the output 
impedance of a transistor, namely device 101. Device 101 adjusts its output impedance to 
compensate for the applied voltage-induced depletion effects within resistor 121 such that the 
total effective output impedance measured or seen at output 151 remains the same. Similarly, as 
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the impedance of resistor 121 changes with temperature, device 101 adjusts its impedance to 
compensate for the temperature effects within resistor 121 such that the total effective output 
impedance seen at output 151 remains the same. 

Also in the preferred embodiment, the impedance of resistor 121 is greater than the 
5 output impedance of device 101 to keep the output impedance at output 151 of circuit 100 
substantially linear or constant across the operating range of the output voltage (V 0 ) at output 
151. For example, if the output impedance measured at output 151 is desired to be 
approximately forty-five ohms, then the impedance of resistor 121 and the output impedance of 
device 101 can be approximately thirty-five ohms and ten ohms, respectively. The output 

10 impedance of device 101 is preferably not greater than the impedance of resistor 121 because, as 
indicated earlier, the output impedance of a transistor is not as linear or constant as the 
impedance of a resistor. 

It is also desired for circuit 100 to consume as little power as possible to extend battery 
life when circuit 100 is part of a portable electronic component. Accordingly, the magnitude of 

15 the reference current (I re f) generated by current source 132 is preferably kept to a minimum. In 
the preferred embodiment, the reference current (I re f) is approximately eight hundred 
microAmperes. To minimize the magnitude of the reference current, certain circuit elements 
within circuit 100 are scaled relative to other circuit elements within circuit 100. 

For example, device 101 and resistor 121 form a first sub-circuit within circuit 100, and 

20 device 107 and resistor 127 form a second sub-circuit within circuit 100. The first sub-circuit is 
a scaled version or replica of the second sub-circuit, or vice-versa.° In particular, device 101 and 
resistor 121 are scaled to have lower impedances than device 107 and resistor 127, respectively, 
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to reduce the magnitude of the reference current (I re f) required to be generated by current source 
132. 

More specifically, device 101 can be scaled to have an output impedance that is 
approximately twenty times smaller than the output impedance of device 107. As an example 
5 device 101 can be scaled to be approximately twenty times larger than device 107. Accordingly, 
device 101 can have an impedance of approximately ten ohms, and device 107 can have an 
impedance of approximately two hundred ohms. 

Also, resistor 121 can be scaled to have an impedance that is approximately twenty times 
smaller than the impedance of resistor 127. As an example, resistor 121 can be comprised of 
10 twenty resistors connected together in parallel, where each of the twenty resistors are similar to 
resistor 127. Accordingly, resistor 121 can have an impedance of approximately thirty- five 
ohms, and resistor 127 can have an impedance of approximately seven hundred ohms. 

One skilled in the art will understand that the impedance ratios between resistors 127 and 
121 and between devices 107 and 101 can have values other than twenty. In an alternative 
15 embodiment, the impedances of device 107 and resistor 127 can even be smaller than that of 
device 101 and resistor 121, respectively, but then current source 132 needs to generate a larger 
reference current. 

The operation of circuit 100 is as follows. First, circuit 100 uses current source 132 to 
generate the reference current (I re f). The reference current is preferably derived from the ratio of 
20 high reference voltage (V rc mi) 152 and the aforementioned highly accurate, discrete, off-chip 
resistor. High reference voltage (V re nii) 152 is calculated by subtracting a master reference 
voltage from the power supply (V dd ). This derivation of the reference current (I re f) ensures that 
the reference current will track the changes in the high reference voltage caused by variations in 
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the manufacturing process, supply voltage, and/or circuit operating temperature. As an example, 
the power supply (V d d), the master reference voltage, high reference voltage (V rc mj) 152, and the 
off-chip resistor can be approximately 3.3 volts, 0.72 volts, 2.58 volts, and nine hundred ohms, 
respectively, to create an eight hundred microAmpere current for the reference current (I re f). 
5 When the reference current (I IC f) is initially generated by current source 132 and is first 

applied to the third terminal of device 108, device 108 does not output any current at the third 
terminal, or drain electrode, of device 108. Therefore, the voltage at the third terminal of device 
108, or a node 102, will decrease. The decrease in voltage at node 102 decreases the control 
voltage at the second terminals, or gate electrodes, of devices 101 and 107 and turns on devices 

10 101 and 107. Now, devices 101 and 107 begin to conduct current. A current from device 101 
travels from the third terminal, or drain electrode, of device 101 through resistor 121 to output 
151 of circuit 100. Simultaneously, a current from device 107 travels from the third terminal, or 
drain electrode, of device 107 through resistor 127 to the first terminal, or source electrode, of 
device 108. Device 108 conducts the current from the first terminal of device 108 to the third 

15 terminal of device 108 and back to current source 132. 

As explained earlier, device 108 is coupled in a negative feedback loop with amplifier 
131. Amplifier 131 drives the negative feedback loop until the voltage at the first terminal of 
device 108, or at node 103, approximately equals high reference voltage (V re mi) 152, which 
stabilizes the negative feedback loop. The voltage at node 103 will equal high reference voltage 

20 152 when the current conducted through device 108 is approximately equal to the reference 
current (I re f) from current source 132. When the negative feedback loop stabilizes, the voltage at 
node 102 will also stabilize at an appropriate value to cause the current through device 108 to be 
substantially equal to the reference current (I re f) from current source 132. Furthermore, when the 
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negative feedback loop stabilizes, the impedance measured at node 103 is approximately equal to 
the impedance of the highly accurate, discrete, off-chip resistor. 

As also explained earlier, device 101 and resistor 121 are scaled replicas of device 107 
and resistor 127, respectively. Similarly, output 151 is the scaled replica of node 103. In the 
5 preferred embodiment where the impedances of device 107 and resistor 127 are approximately 
twenty times larger than the impedances of device 101 and resistor 121, respectively, the 
impedance measured at node 103 is approximately twenty times larger than the impedance 
measured at output 151. Accordingly, when the negative feedback loop stabilizes, the impedance 
measured at output 1 5 1 is approximately forty- five ohms, and the impedance measured at node 

10 103 is approximately nine hundred ohms. Thus, the sub-circuit comprised of device 107 and 
resistor 127 is used with the negative feedback loop to generate a control voltage that is used to 
control the output impedance of circuit 100. 

FIG. 2 illustrates a circuit diagram of an integrated circuit 200. Circuit 100 of FIG. 1 is a 
portion of circuit 200 in FIG. 2. Accordingly, devices 101, 107, and 108, resistors 121 and 127, 

15 amplifier 131, current source 132, capacitor 133, and output 151 in circuit 100 of FIG. 1 are also 
portions of circuit 200 in FIG. 2. 

Circuit 200 can additionally comprise an optional three-terminal device 203 of the first 
type. In the preferred embodiment, device 203 is a p-channel MOSFET that is the same size as 
device 101. A first terminal, or source electrode, of device 203 is electrically coupled to the first 

20 terminals of devices 101 and 107 and to the power supply (V d d). A second terminal, or gate 
electrode, of device 203 is removably and electrically coupled to the second terminals of devices 
101 and 107 and to the first terminals of devices 101, 107, and 203. A third terminal, or drain 
electrode, of device 203 is coupled to the third terminal of device 101 and also to resistor 121. 
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When circuit 200 includes device 203, circuit 200 also includes switches 283 and 284. 
Switch 283 removably couples the second terminal of device 203 to the first terminals of devices 
101, 107, and 203 and to the power supply (V dd ). Switch 284 removably couples the second 
terminal of device 203 to the second terminals of devices 101 and 107, to capacitor 133, to the 
5 third terminal of device 108, and to current source 132. As explained in more detail hereinafter, 
switches 283 and 284 are preferably opened and closed simultaneously with each other. 

Circuit 200 can further comprise an optional three-terminal device 205 of the first type. 
In the preferred embodiment, device 205 is a p-channel MOSFET that is the same size as device 
101. A first terminal, or source electrode, of device 205 is electrically coupled to the first 
10 terminals of devices 101, 107, and 203 and to the power supply (V d d). A second terminal, or gate 
electrode, of device 205 is removably and electrically coupled to the second terminals of devices 
101 and 107 and to the first terminals of devices 101, 107, 203, and 205. A third terminal, or 
drain electrode, of device 205 is coupled to the third terminals of device 101 and 203 and also to 
resistor 121. 

15 When circuit 200 includes device 205, circuit 200 also includes switches 263 and 264. 

Switch 263 removably couples the second terminal of device 205 to the first terminals of devices 
101, 107, 203, and 205 and to the power supply (V dd ). Switch 264 removably couples the second 
terminal of device 205 to the second terminals of devices 101 a&d 107, to capacitor 133, to the 
third terminal of device 108, and to current source 132. As explained in more detail hereinafter, 

20 switches 263 and 264 are preferably opened and closed simultaneously with each other. 

Circuit 200 additionally comprises a switch 241. Switch 241 couples the second 
terminals of devices 101 and 107, the third terminal of device 108, current source 132, and 
capacitor 133 to the power supply (V dd ) and to the first terminals of devices 101, 107, 203, and 
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205. As explained in more detail hereinafter, switch 241 turns a portion of circuit 200 on and 
off. 

Circuit 200 also comprises an optional three-terminal device 211 of the first type. In the 
preferred embodiment, device 211 is a p-channel MOSFET that is the same size as device 107. 
5 Also in the preferred embodiment, circuit 200 includes device 211 when circuit 200 includes 
device 203. A first terminal, or source electrode, of device 21 1 is electrically coupled to the first 
terminals of devices 101, 107, 203, and 205 and to the power supply (V dd ). A second terminal, 
or gate electrode, of device 21 1 is removably coupled to current source 132, to capacitor 133, to 
the third terminal of device 108, to the first terminals of devices 101, 107, 203, 205, and 211, to 
10 the second terminals of devices 101 and 107, and to the power supply (V dd ). A third terminal, or 
drain electrode, of device 21 1 is electrically coupled to the third terminal of device 107 and also 
to resistor 127. 

When circuit 200 includes device 211, circuit 200 also includes switches 281 and 282. 
Switch 281 electrically and removably couples the second terminal of device 211 to the first 

15 terminals of devices 101, 107, 203, 205, and 211 and to the power supply (V dd ). Switch 282 
removably and electrically couples the second terminal of device 211 to current source 132, 
capacitor 133, the third terminal of device 108, and the second terminals of devices 101 and 107. 
As explained in more detail hereinafter, switches 281 and 282 are preferably opened and closed 
simultaneously with each other and with switches 283 and 284. 

20 Circuit 200 can also comprise an optional three-terminal device 212 of the first type. In 

the preferred embodiment, device 212 is a p-channel MOSFET that is the same size as device 
107. Also in the preferred embodiment, circuit 200 includes device 212 when circuit 200 
includes device 205. A first terminal, or source electrode, of device 212 is electrically coupled to 
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the first terminals of devices 101, 107, 203, 205, and 211 and to the power supply (V dd ). A 
second terminal, or gate electrode, of device 212 is removably coupled to current source 132, to 
capacitor 133, to the third terminal of device 108, to the first terminals of devices 101, 107, 203, 
205, 211, and 212, to the second terminals of devices 101 and 107, and to the power supply 
5 (V dd ). A third terminal, or drain electrode, of device 212 is electrically coupled to the third 
terminal of devices 107 and 21 1 and also to resistor 127. 

When circuit 200 includes device 212, circuit 200 also includes switches 261 and 262. 
Switch 261 electrically and removably couples the second terminal of device 212 to the first 
terminals of devices 101, 107, 203, 205, 21 1, and 212 and to the power supply (V dd ). Switch 262 

10 removably and electrically couples the second terminal of device 212 to current source 132, 
capacitor 133, the third terminal of device 108, and the second terminals of devices 101 and 107. 
As explained in more detail hereinafter, switches 261 and 262 are preferably opened and closed 
simultaneously with each other and with switches 263 and 264. 

Devices 101, 107, 108, 203, 205, 211, and 212, switches 241, 261, 262, 263, 264, 281, 

15 282, 283, and 284, resistor 127, amplifier 131, and capacitor 133 form a first portion or p-side of 
circuit 200. Circuit 200 further comprises a second portion or n-side, which is a "mirror image" 
of the first portion or p-side. As an example, this second portion or n-side of circuit 200 
comprises, among other things, three-terminal devices 202, 204, 206, 209, 210, 213, and 214 of a 
second type. As an example, the second type of three-terminal device, such as each of devices 

20 202, 204, 206, 209, 210, 213, and 214, can be a FET or a bipolar transistor. The FET can be a 
MOSFET, a JFET, or a MESFET. In the preferred embodiment, the second type of three- 
terminal device, such as each of devices 202, 204, 206, 209, 210, 213, and 214, is an n-channel 
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MOSFET. Devices 202, 204, 206, 209, 210, 213, and 214 are the "mirrored devices" or 
counterparts to devices 101, 203, 205, 108, 107, 21 1, and 212, respectively. 

The second portion, or n-side, of circuit 200 further comprises switches 242, 271, 272, 
273, 274, 291, 292, 293, and 294, which are the counterparts to switches 241, 261, 262, 263, 264, 
5 281, 282, 283, and 284, respectively. The second portion of circuit 200 additionally comprises a 
resistor 228, a capacitor 234, an amplifier 235, and a switch 242, which are the counterparts to 
resistor 127, capacitor 133, amplifier 131, and switch 241, respectively, in the first portion of 
circuit 200. Amplifier 235 has an output and two inputs, namely a negative input and a positive 
input. The output and the negative input of amplifier 235 are coupled in a negative feedback 

10 loop with device 209. The positive input of amplifier 235 is coupled to a low reference voltage 
(V re fio) 253. Low reference voltage (V re n 0 ) 253 can be calculated by subtracting a second power 
supply (V ss ) from the master reference voltage. 

In the embodiment illustrated in FIG. 2, the second power supply (V ss ) is coupled to the 
first terminals of devices 202, 204, 206, 210, 213, and 214 and is also coupled to switches 242, 

15 272, 274, 292, and 294. The first power supply (V d d) is coupled to the first terminals of devices 
101, 107, 203, 205, 211, and 212 and is also coupled to switches 241, 261, 263, 281, and 283. 
As an example, the first power supply (V dd ) can have a voltage of approximately 3.3 volts, and 
the second power supply (V ss ) can have a voltage of approximately 0 volts. 

Circuit 100 in FIG. 1 represents the main portion of the first portion or p-side of circuit 

20 200 in FIG. 2. The operation of the main portion of the first portion of circuit 200 has already 
been discussed with reference to FIG. 1. One skilled in the art will understand that the circuit 
elements of the second portion or n-side of circuit 200 in FIG. 2, which correspond to the circuit 
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elements in the main portion of the first portion or p-side of circuit 200 in FIG. 2, operate in a 
similar manner. 

The main portion of the first portion of circuit 200 in FIG. 2 acts as a bias circuit. To 
convert the bias circuit into a driver, output devices such as devices 101, 203, and 205 in the bias 
5 circuit need to be turned on and off. The addition of switch 241 converts the bias circuit into a 
driver circuit by enabling the output devices in the bias circuit to be turned on and off. When 
switch 241 is open, the output devices may conduct current, and when switch 241 is closed, the 
output devices are turned off and do not conduct current. 

Switch 242 in the second portion or n-side of circuit 200 serves a similar function for the 

10 main portion of the second portion or n-side of circuit 200. When switch 242 is open, the output 
devices, such as devices 202, 204, and 206, in the second portion of circuit 200 may conduct 
current, and when switch 242 is closed, devices 202, 204, and 206 in the second portion of circuit 
200 are off and do not conduct current. Switches 241 and 242 can be closed at the same time to 
provide a high impedance output for circuit 200. Switches 241 and 242 are preferably not open 

15 at the same time. 

Capacitors 133 and 234 control the slew rate of the output voltage (V G ) at output 151 of 
circuit 200. Capacitor 133 couples output 151 and resistor 121 to the high impedance node, or 
node 102, of the first portion, or p-side, of circuit 200. Capacitor 234 couples output 151 and 
resistor 121 to the high impedance node of the second portion or n-side of circuit 200. The rate 

20 of change in the output voltage (V 0 ) is limited by the slew rates of capacitors 133 and 234 and the 
available slewing or reference current (I ref ) from current source 132 when the output voltage (V 0 ) 
changes from a high state to a low state or vice versa. 
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More specifically, when the output voltage at output 151 changes from a high state to a 
low state, switch 241 is closed, and switch 242 is open. Under these conditions, the first portion, 
or p-side, of circuit 200 is off or inactive, and the second portion, or n-side, of circuit 200 is on or 
active. Thus, capacitor 234 controls the slew rate of the output voltage at output 151 when the 
5 output of circuit 200 changes from a high state to a low state. 

When the output voltage at output 151 changes from a low state to a high state, however, 
switch 241 is open, and switch 242 is closed. Under these conditions, the first portion, or p-side, 
of circuit 200 is on or active, and the second portion, or n-side, of circuit 200 is off or inactive. 
Thus, capacitor 133 controls the slew rate of the output voltage at output 151 when the output of 
10 circuit 200 changes from a low state to a high state. 

Optional devices 203, 204, 205, 206, 211, 212, 213, and 214 and optional switches 261, 
262, 263, 264, 271, 272, 273, 274, 281, 282, 283, 284, 291, 292, 293, and 294 can be included in 
circuit 200 to compensate for manufacturing variations in the sheet resistance, or doping level, of 
the polycrystalline silicon (polysilicon) material used to form resistors 121, 127, and 228. For 
15 example, the sheet resistance of the polysilicon material used to form resistors 121, 127, and 228 
can vary approximately twenty percent or more of a target sheet resistance. The evaluation of the 
sheet resistance can be performed by comparing the resistance of resistor 121 to the resistance of 
the highly accurate, discrete, off-chip resistor. 

Under a first set of conditions where the sheet resistance of the polysilicon material used 
20 to form resistors 121, 127, and 228 is within approximately ten percent of a target sheet 
resistance, then switches 281, 282, 283, and 284 and/or switches 291, 292, 293, and 294 can be 
closed or can be turned on while switches 261, 262, 263, and 264 and/or switches 271, 272, 273, 
and 274 can be opened or turned off If the first portion, or p-side, of circuit 200 is active and the 
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second portion, or n-side, of circuit 200 is inactive, then switches 281, 282, 283, and 284 are 
closed while switches 261, 262, 263, and 264 are open. On the other hand, if the first portion, or 
p-side, of circuit 200 is inactive and the second portion, or n-side, of circuit 200 is active, then 
switches 291, 292, 293, and 294 are closed while switches 271, 272, 273, and 274 are open. 
5 Under this first set of conditions and in the preferred embodiment, switches 281, 282, 283, 284, 
291, 292, 293, and 294 remain closed while switches 261, 262, 263, 264, 271, 272, 273, and 274 
remain open regardless of whether the first or second portion of circuit 200 is active. 

Under this first set of conditions, optional devices 203 and 211 and/or optional devices 
204 and 213 are used to conduct current in circuit 200 while optional devices 205, 206, 212, and 

10 214 are not used in circuit 200. Here, when circuit 200 is not in a high output impedance state, 
the output impedance measured at output 151 of circuit 200 comprises the impedance of resistor 
121 and the output impedances of devices 101 and 203 or devices 202 and 204. The output 
impedances of devices 101 and 203 are in parallel with each other and are in series with the 
impedance of resistor 121, and the output impedances of devices 202 and 204 are in parallel with 

15 each other and are in series with the impedance of resistor 121 . 

Under a second set of conditions, the sheet resistance of the polysilicon material used to 
form resistors 121, 127, and 228 is ninety percent or less than the target sheet resistance. Here, 
the sheet resistance of resistors 121, 127, and 228 is low, and the resistance of resistors 121, 127, 
and 228 is low. Under this second set of conditions, resistor 121 contributes to a smaller portion 

20 of the output impedance measured at output 151 of circuit 200 than under the first set of 
conditions. Accordingly, a larger portion of the output impedance measured at output 151 is 
from the output impedance of transistors than under the first set of conditions. 
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To increase the magnitude of transistor output impedance measured at output 151, a 
fewer number of transistors are used in parallel with each other compared to the situation 
described earlier for the first set of conditions. Switches 261, 262, 263, 264, 281, 282, 283, and 
284 and/or switches 271, 272, 273, 274, 291, 292, 293, and 294 can be turned off or can be 
5 opened. If the first portion, or p-side, of circuit 200 is active and the second portion, or n-side, of 
circuit 200 is inactive, then switches 261, 262, 263, 264, 281, 282, 283, and 284 are open. On 
the other hand, if the first portion, or p-side, of circuit 200 is inactive and the second portion, or 
n-side, of circuit 200 is active, then switches 271, 272, 273, 274, 291, 292, 293, and 294 are 
open. Under this second set of conditions and in the preferred embodiment, all of switches 261, 

10 262, 263, 264, 271, 272, 273, 274, 281, 282, 283, 284, 291, 292, 293, and 294 remain open 
regardless of whether the first or second portion of circuit 200 is active. 

Under this second set of conditions, optional devices 203, 205, 211, and 212 and/or 
optional devices 204, 206, 213, and 214 are not used in circuit 200. Here, when circuit 200 is not 
in a high output impedance state, the output impedance measured at output 151 of circuit 200 

15 comprises the impedance of resistor 121 in series with the output impedance of device 101 or 
202. 

Under a third set of conditions, the sheet resistance of the polysilicon material used to 
form resistors 121, 127, and 228 is one hundred and ten percent or greater than the target sheet 
resistance. Here, the sheet resistance of resistors 121, 127, and 228 is high such that the 
20 resistance of resistors 121, 127, and 228 is high. Under this third set of conditions, resistor 121 
contributes to a larger portion of the output impedance measured at output 151 of circuit 200 than 
under the first set of conditions. Accordingly, a smaller portion of the output impedance 
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measured at output 151 is from the output impedance of transistors than under the first set of 
conditions. 

To reduce the magnitude of transistor output impedance measured at output 151, a larger 
number of transistors are used in parallel compared to the situation described earlier for the first 
5 set of conditions. Switches 261, 262, 263, 264, 281, 282, 283, and 284 and/or switches 271, 272, 

273, 274, 291, 292, 293, and 294 can be turned on or can be closed. If the first portion, or p-side, 
of circuit 200 is active and the second portion, or n-side, of circuit 200 is inactive, then switches 
261, 262, 263, 264, 281, 282, 283, and 284 are closed. On the other hand, if the first portion, or 
p-side, of circuit 200 is inactive and the second portion, or n-side, of circuit 200 is active, then 

10 switches 271, 272, 273, 274, 291, 292, 293, and 294 are closed. Under this third set of 
conditions and in the preferred embodiment, all of switches 261, 262, 263, 264, 271, 272, 273, 

274, 281, 282, 283, 284, 291, 292, 293, and 294 remain closed regardless of whether the first or 
second portion of circuit 200 is active. 

Under this third set of conditions, optional devices 203, 205, 211, and 212 and/or optional 
15 devices 204, 206, 213, and 214 are used to conduct current. Here, when circuit 200 is not in a 
high output impedance state, the output impedance measured at output 151 of circuit 200 
comprises the impedance of resistor 121 and the output impedances of devices 101, 203, and 205 
or devices 202, 204, and 206. The output impedances of devices 101, 203, and 205 are in 
parallel with each other and are in series with the impedance of resistor 121, and the output 
20 impedances of devices 202, 204, and 206 are in parallel with each other and are in series with the 
impedance of resistor 121. 

FIG. 3 illustrates a circuit diagram of an integrated circuit 300, which is an alternative 
embodiment to circuit 100 in FIG. 1. As an example, circuit 300 can represent an integrated 
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circuit comprising a driver circuit with on-chip termination. In the preferred embodiment, circuit 

300 represents an integrated circuit having a voltage-mode driver circuit with an analog on-chip 
termination or analog self-termination. Preferably, the termination is an integral part of the 
driver circuit and is not a different circuit separate from the driver circuit. Also in the preferred 

5 embodiment, the output impedance of the driver circuit is well-controlled to be substantially 
linear or constant throughout an output voltage operating range of the driver circuit and 
particularly during voltage transitions of the output voltage of the driver circuit. Further in the 
preferred embodiment, the driver circuit controls the slew rate of its output voltage. In the 
preferred embodiment, circuit 300 is compatible with the Universal Serial Bus 2 (USB2) 
10 operating specifications. 

As illustrated in FIG. 3, circuit 300 comprises three-terminal devices 301 and 307 of the 
first type. In the preferred embodiment, devices 301 and 307 are p-channel MOSFETs. Devices 

301 and 307 can be similar to devices 101 and 107, respectively, in FIG. 1. 

In operation, a reference current is applied to a third terminal, or the drain electrode, of 
15 device 307 in FIG. 3 to generate a control voltage that is applied to the second electrodes of 
devices 301 and 307. The control voltage is a function of comparing an output voltage at the 
third terminal of device 307 to a reference voltage derived from the reference current and a 
reference resistance. In the preferred embodiment, the reference resistance is provided by a 
highly accurate resistor that has less than approximately 0. 1 percent error. Also in the preferred 
20 embodiment, this highly accurate resistor is provided by a discrete off-chip resistor. In other 
embodiments, the reference resistance can be provided by a less accurate resistor and/or an on- 
chip resistor. 
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Circuit 300 additionally comprises resistors 321 and 327, which can be similar to resistors 
121 and 127, respectively, of FIG. 1. Device 307 and resistor 327 in FIG. 3 are replicas of device 
301 and resistor 321, respectively, in FIG. 3. Device 307 and resistor 327 are preferably scaled 
replicas of device 301 and resistor 321, respectively, similar to the scaled replica relationship 
5 between devices 107 and 101 in FIG. 1 and between resistors 127 and 121 in FIG. 1. Similar to 
devices 101 and 107 and resistors 121 and 127 in FIG. 1, device 301 and resistor 321 form a sub- 
circuit that is a scaled version or replica of another sub-circuit comprised of device 307 and 
resistor 321. 

Circuit 300 further comprises a current source 332 and an amplifier 331, which can be 
10 similar to current source 132 and amplifier 131, respectively, in FIG. 1. In the preferred 

embodiment, amplifier 331 in FIG. 3 is an OTA having two inputs, namely a negative input and a 

positive input. The negative input of amplifier 331 is coupled to a reference voltage (V rcftli ) 352. 

Device 307 and resistor 327 are coupled together in a feedback loop with the positive input and 

the output of amplifier 33 1 . 
15 Circuit 300 also has an output 351, which can be similar to output 151 in FIG. 1. Circuit 

300 in FIG. 3 has an output voltage (V 0 ) at output 351. An output impedance measured at output 

351 of circuit 300 is preferably substantially linear or constant within an operating range of the 

output voltage (V G ) at output 351. 

Circuit 300 further comprises a capacitor 333, which can be similar to capacitor 133 in 
20 FIG. 1. Capacitor 333 in FIG. 3 couples output 351 and resistor 321 to node 302 for controlling 

the slew rate of the output voltage (V 0 ) at output 351. 

The operation of circuit 300 in FIG. 3 is similar to that of circuit 100 in FIG. 1. Current 

source 332 generates a reference current (I re f), which is applied to the third terminal, or drain 
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electrode, of device 307. Device 307, however, does not output any current at its third terminal. 
Therefore, the voltage at high impedance node 302 will decrease. Amplifier 331 senses the 
voltage at node 302 and compares this voltage to reference voltage 352. If the voltage at high 
impedance node 302 is lower in potential than reference voltage 352, then amplifier 331 drives 
5 the second terminals, or control electrodes, of devices 301 and 307 negative. This action turns 
on devices 301 and 307, which causes currents to flow through device 307 and resistor 327 and 
through device 301 and resistor 321. Consequently, the voltage at node 302 and output 351 will 
increase until circuit 300 reaches equilibrium where the voltage at node 302 equals reference 
voltage 352. 

10 This stable state defines an impedance at node 302, through resistor 327 and device 307, 

referenced to the power supply (V d d). Because device 301 and resistor 321 are scaled replicas of 
device 307 and resistor 327, respectively, the output impedance of circuit 300 is well defined at 
output 351. Thus, the sub-circuit comprised of device 307 and resistor 327 is used with or in the 
feedback loop to generate a control voltage that is used to control the output impedance of circuit 

15 300. Capacitor 333 controls the output voltage (V Q ) slew rate, which is defined by capacitor 333 
and the reference current (I rC f) from current source 332. 

In the preferred embodiment, the aforementioned output voltage at the third terminal of 
device 307 is measured from resistor 327 at node 302, which is coupled to an opposite end of 
resistor 327 from a circuit node 304. Node 302 is considered to be "at" the third terminal of 

20 device 307 in the preferred embodiment of circuit 300. In an alternative embodiment, node 304 
is considered to be "at" the third terminal of device 307. In this alternative embodiment, circuit 
300 does not include resistor 321 or 327. Accordingly, in this alternative embodiment, the output 
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impedance of circuit 300 measured at output 351 is not as linear or constant as the output 
impedance of circuit 300 in the preferred embodiment. 

FIG. 4 illustrates a flow chart 400 of a method of controlling output impedance of an 
integrated circuit. As an example, the operation of the circuit described in flow chart 400 can be 
5 the operation of circuit 100, 200, or 300 in FIGS. 1, 2, and 3, respectively, as described 
hereinbefore, and can also be the operation of circuits 500, 600, or 700 in FIGs. 5, 6, and 7, 
respectively, as described hereinafter. 

At a step 410 of flow chart 400, a reference current is generated as a function of a 
reference voltage and a reference resistance. At a step 420 of flow chart 400, a first sub-circuit is 
10 used to generate an output impedance of the circuit. At a step 430 of flow chart 400, a second 
sub-circuit is used in a feedback loop to generate a control voltage. The second sub-circuit is a 
replica of the first sub-circuit, or vice-versa. In the preferred embodiment, the second sub-circuit 
is a scaled replica of the first sub-circuit. The sequence of steps 420 and 430 can be reversed. 

At a step 440 of flow chart 400, the control voltage is used to control the output 
15 impedance of the circuit. In the preferred embodiment, the control voltage is adjusted to keep the 
output impedance of the circuit substantially linear or constant across an operating range of an 
output voltage of the circuit and particularly during voltage transitions of the output voltage of 
the circuit. 

In an alternative embodiment of flow chart 400, step 410 comprises generating a 
20 reference voltage as a function of a reference current and a reference resistance. In this 
embodiment of flow chart 400, steps 420, 430, and 440 remain the same. 

FIG. 5 illustrates a schematic diagram of an integrated circuit 500, which is similar to 
circuit 100 in FIG. 1. One difference between circuit 100 in FIG. 1 and circuit 500 in FIG. 5 is 
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that circuit 500 comprises a switch 501 that is coupled to current source 132 and devices 101, 
107, and 108 via node 102. The use of switch 501 maintains a substantially linear or constant 
output impedance at output 151 for circuit 500 across an output voltage operating range of circuit 
500 and particularly during voltage transitions at output 151. 
5 Switch 501 is closed for a short period of time during a transition of the output voltage at 

output 151 of circuit 500 from low to high or vice versa. When switch 501 is closed, node 102 is 
shorted to the ground potential or some other pre-determined reference voltage. Accordingly, 
switch 501 is closed to over-drive the gate terminals of the output transistor, or the second 
terminal of device 101, during such a transition of the output voltage. Switch 501 is preferably 

10 kept closed for at least as long as the longest time constant for the largest capacitive load that 
might be coupled to output 151 of circuit 500. 

In the preferred embodiment, circuit 500 is compatible with the Universal Serial Bus 2 
(USB2) operating specifications. Circuit 500 in FIG. 5 has an improved alternating current (a.c.) 
electrical performance compared to that of circuit 100 in FIG. 1 with respect to the USB2 

15 operation specifications. 

FIG. 6 illustrates a schematic diagram of an integrated circuit 600, which is similar to 
integrated circuit 200 in FIG. 2 and where integrated circuit 500 in FIG. 5 is a portion of 
integrated circuit 600 in FIG. 6. One difference between integrated circuit 200 in FIG. 2 and 
integrated circuit 600 in FIG. 6 is that integrated circuit 600 comprises switch 501 and a switch 

20 601. The use of switches 501 and 601 maintains a substantially linear or constant output 
impedance at output 151 for circuit 600 across an output voltage operating range of circuit 600 
and particularly during voltage transitions at output 151. Switch 601 couples current source 132 
and devices 209, 210, and 202 to the first power supply (V d d) or a pre-determined reference 
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voltage. Also, in integrated circuit 600, switch 501 is coupled to a different pre-determined 
reference voltage such as, for example, the second power supply (V ss ). 

Switch 601 is closed to over-drive the gate terminals or second terminals of device 202. 
Accordingly, switch 601 operates in a manner similar to that described earlier for switch 501 in 
5 FIG. 5. When switch 293 and/or switch 273 are closed, the closing of switch 601 also over- 
drives the gate terminals of devices 204 and/or 206. Similarly, when switch 283 and/or switch 
263 are closed, the closing of switch 501 also over-drives the gate terminals of devices 203 
and/or 205. 

Circuit 600 in FIG. 6 has been demonstrated to have an improved a.c. electrical 
10 performance compared to that of circuit 200 in FIG. 2 with respect to the USB2 operation 
specifications. This improved a.c. electrical performance of the embodiment illustrated in FIG. 6 
is due to the lower output impedance of the driver under transient conditions compared to the 
embodiment illustrated in FIG.2. The embodiment of FIG. 6 improves the matching of the driver 
output impedance to the characteristic impedance of a USB cable. The USB cable may be 
15 modeled as a transmission line so effectively matching the characteristic impedance of the USB 
cable throughout voltage transitions reduces unwanted voltage reflections. 

FIG. 7 illustrates a schematic diagram of an integrated circuit 700, which is similar to 
integrated circuit 300 in FIG. 3. One difference between integrated circuit 300 in FIG. 3 and 
integrated circuit 700 in FIG. 7 is that integrated circuit 700 comprises a switch 701 that is 
20 coupled to amplifier 331 and devices 301 and 307. The use of switch 701 maintains a 
substantially constant output impedance at output 351 for circuit 700 across an output voltage 
operating range of circuit 700 and particularly during voltage transitions at output 351. When 
switch 701 is closed, amplifier 331 and devices 301 and 307 are shorted to the ground potential 
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or a pre-determined referenced voltage. Switch 701 operates in a manner similar to that 
described earlier for switch 501 in FIG. 5. Circuit 700 in FIG. 7 has an improved a.c. electrical 
performance compared to that of circuit 300 in FIG. 3 with respect to the USB2 operation 
specifications. 

5 FIG. 8 illustrates a subcircuit 800 that can be used with and/or can be a portion of circuits 

500, 600, and 700 in FIGs. 5, 6, and 7, respectively. Subcircuit 800 detects the edge or beginning 
of a low-to-high transition and of a high-to-low transition of the output voltage for those circuits. 
Accordingly, subcircuit 800 can be used to control switches 501, 601, and 701 in circuits 500, 
600, and 700 of FIGs. 5, 6, and 7, respectively, to determine when switches 501, 601, and 701 are 
10 to be closed. 

Subcircuit 800 is a digital circuit that comprises two shift registers in parallel with each 
other. More specifically, subcircuit 800 comprises D-Q flip-flops 801, 802, 803, and 804, 
inverters 805, 806, 807, 808, 814, 815, 818, and 819, NAND gates 809, 810, and 811, and NOR 
gates 812, 813, 816, and 817. Subcircuit 800 also has inputs 850, 851, 852, and 853 and outputs 

15 854, 855, 856, and 857. 

An enable signal is coupled to input 850. The enable signal represents a driver enable 
signal that causes the driver to transition from a high impedance output to enabling a drive high 
or drive low condition at the output. Input 850 is coupled to the D input of flip-flop 801 and the 
inputs of NAND gates 809, 810, and 81 1. 

20 A voltage-in signal is coupled to input 851. The voltage-in signal represents a desired 

logic level, either logic high or low, at the output of the driver. Input 851 is coupled to the D 
input of flip-flop 803, the input of NAND gate 810, the input of NOR gate 813, and the inputs of 
inverters 805 and 808. 
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Input 852 represents a clock input and is coupled to the clock inputs of flip-flips 801, 802, 
803, and 804. As an example, the clock input can be a system clock of approximately one 
hundred twenty MegaHertz (MHz). Input 853 represents a reset signal and is coupled to the reset 
inputs of flip-flops 801, 802, 803, and 804. 
5 The Q output of flip-flip 801 is coupled to the D input of flip-flop 802, and the Q output 

of flip-flop 802 is coupled to the input of inverter 806, whose output is coupled to an input of 
NAND gate 809. The Q output of flip-flip 803 is coupled to the D input of flip-flop 804, and the 
Q output of flip-flop 804 is coupled to an input of NAND gate 811 and the input of inverter 807, 
whose output is coupled to an input of NAND gate 810. 

10 The output of NAND gate 809 is coupled to the inputs of NOR gates 812 and 813. 

Another input of NOR gate 812 is coupled to the output of inverter 805. The output of NAND 
gate 810 is coupled to an input of inverter 814, and the output of NAND gate 811 is coupled to 
an input of inverter 815. Inputs of NOR gate 816 are coupled to the outputs of NOR gate 812 
and inverter 814, and the inputs of NOR gate 817 are coupled to the outputs of NOR gate 813 

15 and inverter 815. 

The output of NOR gate 816 is coupled to output 854 and to an input of inverter 818, 
whose output is coupled to output 855. The output of NOR gate 817 is coupled to output 856 
and to an input of inverter 819, whose output is coupled to output 857. 

When subcircuit 800 operates on a 1.8 volt power supply and when circuits 500, 600, and 

20 700 in FIGs. 5, 6, and 7, respectively, operate on a 3.3 volt power supply, outputs 854 and 855 of 
subcircuit 800 in FIG. 8 can be coupled to a level shifter, which can be coupled to switch 601 in 
FIG. 6. Under the same conditions, outputs 856 and 857 of subcircuit 800 in FIG. 8 can be 
coupled to a level shifter, which can be coupled to switch 501 in FIGs. 5 and 6 and/or switch 701 
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in FIG. 7. In an embodiment where subcircuit 800 operates on a 3.3 volt power supply, the 
aforementioned level shifters can be eliminated. 

Therefore, an improved integrated circuit and method of controlling output impedance is 
provided to overcome the disadvantages of the prior art. The integrated circuit has a voltage- 
5 mode driver circuit with an integral, analog on-chip termination. The integral and analog nature 
of the on-chip termination minimizes the problems associated with EMI and also minimizes the 
amount of space required on a semiconductor chip. The output impedance of the integrated 
circuit also behaves linearly or in a constant manner near the supply rails. 

Although the invention has been described with reference to specific embodiments, it will 

10 be understood by those skilled in the art that various changes may be made without departing 
from the spirit or scope of the invention. For instance, the numerous details set forth herein such 
as, for example, the sizes of the three-terminal devices and the resistors are provided to facilitate 
the understanding of the invention and are not provided to limit the scope of the invention. 
Furthermore, the method described by flow chart 400 can be performed by circuits other than 

15 circuits 100, 200, 300, 500, 600, or 700 in FIGs. 1, 2, 3, 5, 6, and 7, respectively. Moreover, the 
p-side of circuit 200 in FIG. 2 and/or circuit 600 in FIG. 6 can be modified to include circuit 300 
in FIG. 3, instead of circuit 100 in FIG. 1. In this embodiment, one skilled in the art will 
understand that appropriate changes will also be made to the n-side of circuit 200 in FIG. 2 
and/or circuit 600 in FIG. 6. Accordingly, the disclosure of embodiments of the invention is 

20 intended to be illustrative of the scope of the invention and is not intended to be limiting. It is 
intended that the scope of the invention shall be limited only to the extent required by the 
appended claims. 
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CLAIMS 



1. (Amended) An integrated circuit comprising: 



a first three-terminal device of a first type; 



5 



a second three-terminal device of the first type, a first terminal of the second three- 



terminal device electrically coupled to a first terminal of the first three-terminal device, and a 
second terminal of the second three-terminal device electrically coupled to a second terminal of 
the first three-terminal device; and 

a switch coupled to the second terminals of the first and second three-terminal devices, 



generates a control voltage applied to the second terminals of the first and second three-terminal 
devices; 

where the control voltage is a function of comparing an output voltage at the third 
15 terminal of the second three-terminal device to a reference voltage; and 

the reference current is derived from the reference voltage and a reference 

resistance. 



10 



wherein: 



a reference current applied to a third terminal of the second three-terminal device 



2. The integrated circuit of claim 1 wherein: 



20 



the second three-terminal device has a different output impedance than the first three- 



terminal device. 
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3. The integrated circuit of claim 2 wherein: 

the second three-terminal device has a larger output impedance than the first three- 
terminal device. 



5 4. The integrated circuit of claim 1 further comprising: 

a supply voltage electrically coupled to the first terminals of the first and second three- 
terminal devices. 



5. The integrated circuit of claim 1 wherein: 
10 the second terminal of the first three-terminal device is a first control terminal for the first 

three-terminal device; and 

the second terminal of the second three-terminal device is a second control terminal for 
the second three-terminal device. 



15 6. The integrated circuit of claim 1 further comprising: 

a first resistor coupled to a third terminal of the first three-terminal device; 

a second resistor coupled to the third terminal of the second three-terminal device; and 

an output of the integrated circuit coupled to the first resistor, 

wherein: 

20 the reference current is applied to the third terminal of the second three-terminal 

device through the second resistor; and 

the output voltage at the third terminal of the second three-terminal device is 
measured from the second resistor. 
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7. The integrated circuit of claim 6 wherein: 

an output impedance at the output of the integrated circuit comprises an output 
impedance of the first three-terminal device and an impedance of the first resistor. 

5 

8. The integrated circuit of claim 7 wherein: 

the impedance of the first resistor is greater than the output impedance of the first three- 
terminal device. 



10 9. (Amended) The integrated circuit of claim 8 wherein: 

the output impedance of the integrated circuit is substantially constant across an operating 
range of an output voltage at the output of the integrated circuit. 



10. (Amended) The integrated circuit of claim 1 further comprising: 
15 an output of the integrated circuit coupled to a third terminal of the first three-terminal 

device. 



11. (Amended) The integrated circuit of claim 10 wherein: 

the switch maintains a substantially constant output impedance at the at the output of the 
20 integrated circuit during voltage transitions. 



12. The integrated circuit of claim 1 further comprising: 
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a third three-terminal device of the first type, a first terminal of the third three-terminal 
device electrically coupled to the first terminals of the first and second three-terminal devices, a 
second terminal of the third three-terminal device removably and electrically coupled to the first 
and second terminals of the first and second three-terminal devices, and a third terminal of the 
5 third three-terminal device electrically coupled to a third terminal of the first three-terminal 
device; and 

a fourth three-terminal device of the first type, a first terminal of the fourth three-terminal 
device electrically coupled to the first terminals of the first, second, and third three-terminal 
devices, a second terminal of the fourth three-terminal device removably and electrically coupled 
10 to the first terminals of the first, second, and third three-terminal devices and to the second 
terminals of the first and second three-terminal devices. 

13. The integrated circuit of claim 1 further comprising: 

an output of the integrated circuit coupled to a third terminal of the first three-terminal 

15 device; 

a third three-terminal device of the first type, a first terminal of the third three-terminal 
device coupled to a third terminal of the second three-terminal device, and a third terminal of the 
third three-terminal device coupled to the second terminals of the first and second three-terminal 
devices; 

20 an amplifier comprising two inputs and an output, a first one of the two inputs coupled to 

the third terminal of the second three-terminal device and to the first terminal of the third three- 
terminal device, the output coupled to a second terminal of the third three-terminal device, and a 
second one of the two inputs coupled to the reference voltage; and 
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a current source providing the reference current and coupled to the third terminal of the 
third three-terminal device and to the second terminals of the first and second three-terminal 
devices. 



5 14. The integrated circuit of claim 13 further comprising: 

a first resistor coupling the output of the integrated circuit to the third terminal of the first 
three-terminal device; and 

a second resistor coupling the third terminal of the second three-terminal device to the 
first one of the two inputs of the amplifier and to the first terminal of the third three-terminal 
10 device, 

wherein: 

the reference current is applied to the third terminal of the second three-terminal 
device through the second resistor and through the third three-terminal device; and 

the output voltage at the third terminal of the second three-terminal device is 
15 measured from the second resistor. 



15. (Amended) The integrated circuit of claim 13 wherein: 

the switch couples the second terminals of the first and second three-terminal devices, the 
third terminal of the third three-terminal device, and the current source to a reference voltage. 

20 

16. (Amended) The integrated circuit of claim 15 wherein: 

the switch maintains a substantially constant output impedance at the output of the 
integrated circuit during voltage transitions. 
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17. (Amended) The integrated circuit of claim 13 further comprising: 

a first resistor coupling the output of the integrated circuit to the third terminal of the first 
three-terminal device; and 
5 a second resistor coupling the third terminal of the second three-terminal device to the 

first one of the two inputs of the amplifier and to the first terminal of the third three-terminal 
device, 

wherein: 

the switch couples the second terminals of the first and second three-terminal 
10 devices, the third terminal of the third three-terminal device, and the current source to a pre- 
determined reference voltage; 

the reference current is applied to the third terminal of the second three-terminal 
device through the second resistor and through the third three-terminal device; 

the output voltage at the third terminal of the second three-terminal device is 
15 measured from the second resistor; and 

the switch maintains a substantially constant output impedance at the output of the 
integrated circuit during voltage transitions. 

18. The integrated circuit of claim 1 further comprising: 

20 an output of the integrated circuit coupled to a third terminal of the first three- terminal 

device; 

an amplifier comprising two inputs and an output, a first one of the two inputs coupled to 
a third terminal of the second three-terminal device, a second one of the two inputs coupled to 
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the reference voltage, and the output coupled to the second terminals of the first and second 
three-terminal devices; and 

a current source providing the reference current and coupled to the first one of the two 
inputs of the amplifier and to the third terminal of the second three-terminal device. 

5 

19. The integrated circuit of claim 18 further comprising: 

a first resistor coupling the output of the integrated circuit to the third terminal of the first 
three-terminal device; and 

a second resistor coupling the third terminal of the second three-terminal device to the 
10 first one of the two inputs of the amplifier and to the current source, 
wherein: 

the reference current is applied to the third terminal of the second three-terminal 
device through the second resistor; and 

the output voltage at the third terminal of the second three-terminal device is 
15 measured from the second resistor. 

20. (Amended) The integrated circuit of claim 18 wherein: 

the switch couples a reference voltage to the second terminal of the first three-terminal 
device and the output of the amplifier. 

20 

21. (Amended) The integrated circuit of claim 20 wherein: 

the switch maintains a substantially constant output impedance at the output of the 
integrated circuit during voltage transitions. 
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22. (Amended) The integrated circuit of claim 18 further comprising: 

a first resistor coupling the output of the integrated circuit to the third terminal of the first 

three-terminal device; and 
5 a second resistor coupling the third terminal of the second three-terminal device to the 

first one of the two inputs of the amplifier and to the current source, 
wherein: 

the switch couples a reference voltage to the second terminal of the first three- 
terminal device and the output of the amplifier, 
10 the reference current is applied to the third terminal of the second three-terminal 

device through the second resistor; 

the output voltage at the third terminal of the second three-terminal device is 
measured from the second resistor; and 

the switch maintains a substantially constant output impedance at the output of the 
15 integrated circuit during voltage transitions. 



PX01 DOCS/340589.02 



-39- 




23. (Amended) A driver circuit comprising: 

a first MOSFET having a first gate electrode, a first drain electrode, and a first source 
electrode; 

a first resistor coupled to the first drain electrode; 



a second MOSFET having a second gate electrode, a second drain electrode, and a second 
source electrode, the first and second gate electrodes coupled together and the first and second 
source electrodes coupled together; 

a second resistor coupled to the second drain electrode; 



electrode, the third source electrode coupled to the second resistor; 

an amplifier having a first amplifier input, a second amplifier input, and an amplifier 
output, the first amplifier input coupled to the second resistor and the third source electrode, the 
second amplifier input coupled to a reference voltage, and the amplifier output coupled to the 
1 5 third gate electrode; 

a current source coupled to the third drain electrode, the first gate electrode, and the 
second gate electrode; and 



5 



an output of the driver circuit coupled to the first resistor; 



10 



a third MOSFET having a third gate electrode, a third drain electrode, and a third source 



o 



a first switch coupled to the first and second gate electrodes and the current source. 



20 



24. The driver circuit of claim 23 wherein: 



o 



the second MOSFET has a larger output impedance than the first MOSFET; and 



the second resistor has a larger impedance than the first resistor. 
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25. (Amended) The driver circuit of claim 24 wherein: 

an output impedance of the driver circuit at the output of the driver circuit comprises an 
output impedance of the first MOSFET and an impedance of the first resistor; 
5 the impedance of the first resistor is greater than the output impedance of the first 

MOSFET such that the output impedance of the driver circuit is substantially constant. 

26. (Amended) The driver circuit of claim 25 wherein: 

the first switch couples a pre-determined reference voltage to the first and second gate 
10 electrodes and the current source to maintain a substantially constant impedance at the output of 
the driver circuit during voltage transitions. 

27. (Amended) The driver circuit of claim 25 further comprising: 

a fourth MOSFET having a fourth gate electrode, a fourth drain electrode, and a fourth 
15 source electrode, the fourth drain electrode coupled to the first resistor and the first drain 
electrode, and the fourth source electrode coupled to the first and second source electrodes; and 

a second switch coupling the fourth gate electrode to the first and second gate electrodes 
and the current source. 

20 28. (Amended) The driver circuit of claim 27 further comprising: 

a fifth MOSFET having a fifth gate electrode, a fifth drain electrode, and a fifth source 
electrode, the fifth drain electrode coupled to the first resistor and the first and fourth drain 
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electrodes, and the fifth source electrode coupled to the first, second, and fourth source 
electrodes; 

a third switch coupling the fifth gate electrode to the first and second gate electrodes and 
the current source; 

5 a fourth switch coupling the fifth gate electrode to the first, second, fourth and fifth 

source electrodes; and 

a fifth switch coupling the fourth gate electrode to the first, second, fourth, and fifth 
source electrodes. 

10 29. (Amended) The driver circuit of claim 28 wherein: 

the first switch couples a pre-determined reference voltage to the first and second gate 
electrodes, the third drain electrode, and the current source to maintain a substantially constant 
output impedance at the output of the integrated circuit during voltage transitions. 

15 30. (Amended) The driver circuit of claim 29 further comprising: 

a sixth switch coupling the first and second gate electrodes, the fifth switch, the third 
drain electrode, and the current source to the first, second, fourth, and fifth source electrodes, 
wherein: 

the second and fifth switches are simultaneously opened and closed; and 
20 the third and fourth switches are simultaneously opened and closed. 
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31. An integrated circuit comprising: 

a voltage-mode driver circuit having an integral, analog on-chip termination. 

32. The integrated circuit of claim 31 wherein: 

5 the voltage-mode driver circuit has a substantially constant output impedance within an 

operating range of an output voltage of the voltage-mode driver circuit. 
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33. (Amended) A method of controlling output impedance of a driver circuit 
comprising: 

generating a reference voltage as a function of a reference current and a reference 
resistance; 

using a first sub-circuit to generate the output impedance of the driver circuit; 
using a second sub-circuit with a feedback loop to generate a control voltage; and 
using the control voltage to control the output impedance by opening and closing at least 
one switch. 

34. The method of claim 33 wherein: 

the second sub-circuit is a replica of the first sub-circuit. 

35. The method of claim 34 wherein: 

the second sub-circuit is a scaled replica of the first sub-circuit. 

36. (Amended) The method of claim 33 wherein: 

using the control voltage further comprises adjusting the control voltage to keep the 
output impedance substantially constant across an operating range of an output voltage of the 
driver circuit. 
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37. (Canceled) 



38. (Canceled) 



39. (Canceled) 



40. (Canceled) 
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INTEGRATED CIRCUIT AND METHOD OF CONTROLLING OUTPUT IMPEDANCE 

Abstract of the Disclosure 

5 An integrated circuit (100, 200, 300) includes a voltage-mode driver circuit having an 

analog on-chip termination and also having a substantially constant output impedance across an 
operating range of an output voltage of the voltage-mode driver circuit. The voltage-mode driver 
circuit also maintains a substantially constant output impedance through voltage transitions to 
minimize voltage reflections while driving cabling. 

10 
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